
NASA CR - 159784 

<.- ,e* 

NSSA 
,:\ 

PHYSICAL PHENOMENA I N  MERCURY ION THRUSTERS 

(IASA-CR-159784) PBYSTCAL P R E B O B E l A  11 ISSO- 171 37 
HEBCIJRY ION THRUSTERS Annual Report, 1 D e c .  
1978 - 1 Dec, 1979 (Colorado State Univ,) 
146 p HC A07/n?? A01 CSCL 21c U n c l a s  

63/20 12291 

PREPARED FOR 

LEWIS RESEARCH CENTER 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

GRANT NGR-06-002-112 

Annual Report 

December 1979 

Paul J .  Wilbur 
Department o f  flechanical Engineering 

Colorado S t a t e  Un ivers i ty  
F o r t  Col l  i n s ,  Colorado 





TABLE OF CONTENTS 

Topic Page 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

I o n  Optics Studies . . . . . . . . . . . . . . . . . . . . . . .  1 

Screen Grid Thickness E f f e c t s  . . . . . . . . . . . . . . .  1 
Screen Hole Shaping . . . . . . . . . . . . . . . . . . . .  7 
Space Charge Neutral i t a t i o n  . . . . . . . . . . . . . . . .  10 

Hollow Cathode Studies . . . . . . . . . . . . . . . . . . . . .  13 

E f f e c t  o f  Magnetic F i e l d  on Hollow Cathode Operation . . . .  13 

Apparat. is and Procedure . . . . . . . . . . . . . . . .  14 
Results . . . . . . . . . . . . . . . . . . . . . . . .  17 
Discussion o f  Results . . . . . . . . . . . . . . . . .  24 
Concl us ions . . . . . . . . . . . . . . . . . . . . . .  28 

I o n  Beam Plasma Inves t i ga t i on  . . . . . . .  . . . . . . . . . .  29 

In t roduc t i on  . . . . . . . . . . . . . . . . . . . . . . . . .  29 
Apparatus and Procedure . . . . . . . . . . . . . . . . . .  29 
Results . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

Downstream Plasma Propert ies . . . . . . . . . . . . .  34 
E f fec ts  o f  Neu t ra l i ze r  Operation . . . . . . . . . . .  38 
Operation o f  an Ion  Source as a Neu t ra l i ze r  . . . . . .  42 

Conclusions . . . . . . . . . . . . . . . . . . . . . . . .  46 

B a f f l e  Aperture 9esign Study . . . . . . . . . . . . . . . . . .  49 

In t roduc t i on  . . . . . . . . . . . . . . . . . . . . . . . .  49 
Apparatus and Procedure . . . . . . . . . . . . . . . . . .  50 
Theory and Analysis . . . . . . . . . . . . . . . . . . . .  54 
Results and Discussion . . . . . . . . . . . . . . . . . . .  64 

Aperture Area Determined Using Method 1 . . . . . . . .  67 
Aperture Area Determined Using Method 2 . . . . . . . .  70 

Conclusions . . . . . . . . . . . . . . . . . . . . . . . .  76 

References . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

Appendix A . Spherical Probe Trace Analysis . . . . . . . . . . .  79 

Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

Plasma Property and Performance Pred ic t i on  f o r  
Mercury I o n  Thrusters . . . . . . . . . . . . . . . . . . .  83 

Studies on an Experimental Quartz Tube Hollow Cathode . . .  98 

Electron D i f f us ion  Through the B a f f l e  Aperture o f  
a Hoilow Cathode Thruster . . . . . . . . . . . . . . . . .  112 

PRECEDING PAGE 8LANK NOT fll.Ma 



Topic Page 

A Model f o r  Ni t rogen Chemisorption i n  I o n  Thrusters . , . . 123 

The Screen Hole Plasma Sheath o f  an Ion Accelerator  
System. . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

D i s t r i b u t i o n  L i s t .  . . . . . . . . . . . . . . . . . . . . . . . 141 

iii 



LIST OF FIGURES 

Figure No . 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

T i t l e  Page . 
E f f e c t  o f  Screen Gr id  Thickness on >neath . . . . .  3 

Ef fec t  o f  Screen Gr id  Thickness on Sheath . . . . .  5 

E f f e c t  o f  Screen Grid Thickness on Discharge 
Loss . . . . . . . . . . . . . . . . . . . . . . .  6 

E f f e c t  o f  Screen Gr id  Shape on Sheath . . . . . . .  
Elec t ron  I n j e c t i o n  Test Conf igurat ion . . . . . . .  

8 

11 

Test Conf igurat ion f o r  Magnetic F i e l d  Study . . . .  15 

Keeper Voltage Var ia t ion  w i t h  Solenoid Location . . 18 

Test Conf igurat ion . No Magnetic F i e l d  . . . . . .  19 

Cusped Magnetic F i e l d  Test Conf igurat ion . . . . .  21 

Ax ia l  F i e l d  Test Conf igurat ion . . . . . . . . . .  22 

S ing le  Solenoid Test Conf igurat ion . . . . . . . .  23 

E f f e c t  o f  Solenoid Current on Keeper Voltage . . .  25 

Beam Plasma Test Conf igurat ion . . . . . . . . . .  31 

Current D e f i n i t i o n  Diagram . . . . . . . . . . . .  33 

Center1 i n e  Plasma Propert ies Downstream o f  
SERT I 1  Thuster (High Voltage O f f )  . . . . . . . .  35 
Plasma Property P r o f i l e s  20 cm Downstream 
of SERT I 1  Thruster (High Voltage O f f )  . . . . . .  37 

E f f e c t  o f  Neut ra l i zer  Bias on Current D i s t r i b u t i o n  39 

E f f e c t  o f  Neu t ra l i ze r  Bias on Current D i s t r i b u t i o n  40 

E f f e c t  o f  Neut ra l i zer  Bias on Neut ra l i zer  Keeper 
Poten t ia l  . . . . . . . . . . . . . . . . . . . .  41 

Ef.fect o f  Discharge-Keeper Voltage D i f fe rence 
on'Net E lec t ron  Loss Rate . . . . . . . . . . . . .  43 

Typical Operating Condit ion . . . . . . . . . . . .  44 

E f f e c t  o f  Gr id  Bias on Electron Emission . . . . .  45 

* 

i v  



Figure No. 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

A-1 

Ta b l  e 

I 

I 1  

T i t l e  - Page 

Cathode Pole Piece/Baff le Assembly . . . . . . . . 51 

Magnetic Flux Density Through Aperture . . . . . . 
Typical Plasma Potent ia l  P r o f i l e  Through Aperture. 

D i f f u s i o n  Coe f f i c i en t  Computed Using Method 2 .  . . 
Correct ion Factor f o r  Method 1. . . . . . . . . . 
Comparison o f  Measured and Approximate Magnetic 
F i e l d  In teg ra l s .  . . . . . . . . . . . . . . . . . 
Comparison o f  Calculated and Measured Aperture 
Areas (nethod 1)  . . . . . . . . . . . . . . . . . 
Potent ia l  and Density Var iat ions Through 
the Aperture . . . . . . . . . . . . . . . . . . . 
Comparison o f  Calculated and Measured Aperture 
Areas (Method 2)  . . . . . . . . . . . . . . . . . 
Comparison o f  Measured and Calculated Magnetic 
F i e l d  In teg ra l s .  . . . . . . . . . . . . . . . . . 
Typical Thick Sheath Spherical Probe Trace . . . . 

L I S T  OF TABLES 

53 

60 

65 

66 

69 

71 

72 

74 

75 

81 

T i t l e  Pape 

SERT I 1  Plasma 2roper t ies.  . . . . . . . . . . . . 48 

T e s t  Conditions. . . . . . . . . . . . . . . . . . 54 

V 



ION OPTICS STUDIES 

Graeme Aston 

Much o f  the i o n  o p t i c s  work accomplished dur ing t h i s  year has been 

reported recen t l y  i n  Reference 1, which i s  attached i n  Appendix B. 

work describes the motion o f  the screen g r i d  plasma sheath as a r e s u l t  

o f  g r i d  system geometry and discharge chawber plasma cond i t i on  changes. 

The fol lowing top ics were however n o t  discussed i n  t h i s  paper. The 

apparatus and procedure used t o  c o l l e c t  the data as wel l  as the p rope l l an t  

(argon) were the same as those described i n  Reference 1. 

This 

Screen Gr id  Thickness E f fec ts  

I t has been an t i c ipa ted  that,  t h inn ing  down the screen g r i d  has 

bene f i c ia l  e f f e c t s  on the i o n  beam cu r ren t  and discharge losses. 

provides physical i n s i g h t  i n t o  these e f f e c t s  by showing how the screen 

hole plasma sheath moves as the screen g r i d  thickness i s  var ied wh i l e  

normalized perveance per hole (NP/H) i s  held constant. 

hatched and doubly cross hatched rectangles i n  the upper r i g h t  hand corner 

o f  t h i s  f i g u r e  represent a sect ion o f  the screen g r i d  webbing. 

f i g u r e  dS, which represents the screen hole diameter, was 1.27 cm f o r  a l l  

t es ts  and t h i s  distance can therefore be used t o  scale on the f igure.  

Further, ts represents the screen g r i d  thickness, II the screen-to-accel 

g r i d  separation distance and VD the discharge voltage. The s e t  o f  equi- 

po ten t i a l  contours appearing f u r t h e s t  upstream i n  Figure 1 are 5 v o l t s  

below the main discharge plasma po ten t i a l ,  the next set  i s  15 v o l t s  below 

plasma p o t e n t i a l  and the downstream set i s  25 v o l t s  below plasma p o t e n t i a l .  

A t  the -25 v o l t  contour probe measurements suggest t h a t  the e lect ron 

Figure 1 

The open, cross 

I n  the 

9 

1 
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density is approaching zero. Over the 

hole, the Figure 1 results suggest that 

central portion of the screen 

the plasma feels the presence o f  

the accelerator g r i d  potential very strongly; screen g r i d  thickness and 

hence screen potential distribution changes have l i t t l e  effect  i n  this 

region. 

of the screen and accelerator g r i d  potentials are bo th  fe l t  and both i n -  

fluence the sheath shape and position. 

0.18 i n  Fig. 1 )  the screen potentia1 is defined well w i t h i n  the plasma 

and the plasma likewise forms a rather long ,  well defined sheath adjacent 

to this  potential surface as shown by the solid sheath profile l ine.  

the screen g r i d  thickness i s  reduced the plasma sheath attempts to  move 

af ter  the screen g r i d  since the screen g r i d  i s  s t i l l  a dominate potential 

surface, though less well defined. However, w i t h  sufficient screen g r i d  

thickness reduction the shielding effect  the screen g r i d  interposes be- 

tween the discharge plasma and the accelerator g r i d  webbing is  reduced 

to a negligible level. Under these conditions (estimated from other tes ts  

not shown t o  be ts /ds  2, 0.05), the sheath boundary begins t o  communicate 

most strongly w i t h  the accelerator g r i d  webbing. 

thickness reductions have l i t t l e  effect  on forcing the sheath boundary 

to follow af ter  the screen g r i d .  These results would therefore suggest 

t h a t  th is  value of screen g r i d  thickness r a t i o  would be optimium from a 

g r i d  performance p o i n t  o f  view. 

Conversely, near the screen g r i d  webbing the competing influences 

With a thick screen g r i d  ( t s /ds  = 

As 

Further screen g r i d  

Figure 1 shows t h a t  the competing influence of the screen and accelera- 

tor potentials gives r i se  t o  a sheath potential distribution a t  the screen 

g r i d  webbing which tends t o  direct plasma ions away from the webbing and 

through the screen hole with decreasing screen g r i d  thickness. 

is illustrated graphically by e lectr ic  field vectors i n  F i g .  1.  

This effect  
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The arguments presented above i n d i c a t e  t h a t  the p o s i t i o n  o f  the 

cen t ra l  p o r t i o n  o f  the screen hole plasma sheath would remain e s s e n t i a l l y  

unal tered w i t h  changes i n  screen g r i d  thickness. This behavior i s  v e r i f i e d  

i n  Fig. 2 where screen hole sheath p r o f i l e s  are compared f o r  a very t h i c k  

screen ( t s / d s  = 0.49) and a conventional, th inner  screen g r i d  ( t s / d s  = 0.18). 

Figure 2 shows t h a t  the very t h i c k  screen g r i d  has pushed those p o t e n t i a l  

l i n e s  adjacent t o  the g r i d  webbing back i n t o  the discharge chamber wh i l e  

having very l i t t l e  e f f e c t  on the cen t ra l  p o r t i o n  o f  the sheath p o t e n t i a l  

contours. 

the s c r e w  hole ( the  sheath probe's shape prevented the probe from enter ing 

very f a r  i n t o  the screen hole and t h i s  i s  why only  a p o r t i o n  o f  the -15.0 

v o l t  contour, f o r  the very t h i c k  screen g r id ,  i s  shown i n  Fig. 2 ;  however, 

the t rend i s  c l e a r ) .  

t o  the very t h i c k  screen g r i d  webbing ind icates t h a t  even ions from w i t h i n  

the screen hole might eventual ly  be d i rected i n t o  the webbing and the i n s i d e  

surface o f  the screen hole. 

value ind icated i n  Fig. 2, whi le  on ly  about 70% o f  the maximum value t o  

be expected f o r  the conventional t h i n  screen g r id ,  corresponded t o  the 

maximum obtainable normalized perveance per hole f o r  the very t h i c k  screen 

gr id .  

The r e s u l t  i s  t h a t  the screen hole plasma sheatb i s  now i n s i d e  

Examination o f  the sheath p o t e n t i a l  contours adjacent 

Indeed, the normalized perveance per hole 

Figure 3 shows a p l o t  o f  discharge loss,  normalized t o  the value f o r  

t s /ds  = 0.49, against screen g r i d  thickness. This curve i l l u s t r a t e s  

dramat ica l ly  the adverse screen web focusing e f f e c t s  introduced w i th  

increasing screen g r i d  thickness. 

The r e s u l t s  shown i n  Figs. 1, 2, and 3 are strong evidence t h a t  ion  

impingement on the screen g r i d  webbing decreases s i g n i f i c a n t l y  w i t h  screen 

g r i d  thickness reductions. This has obvious imp1 i c a t i o n s  f o r  decreased 
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screen g r i d  erosion as the screen g r i d  thickness i s  reduced. Indeed, i t  

appears t h a t  an e f f o r t  t o  th icken the screen g r i d  t o  g i ve  longer erosion 

l i f e  may accelerate the erosian e f f e c t .  O f  course there are de f i n i t e ,  but  

perhaps not  insurmountable problems i n  f a b r i c a t i n g  screen g r i d s  o f  the 

thicknesses suggested i n  Figs. 1 and 3. Also, wi thout some s o r t  of com- 

parat ive erosion 1 i f e  t e s t  being undertaken the conclusionspresented here 

are somewhat conjectura l .  

Numerous workers2d have reported c o n f l i c t i n g  r e s u l t s  as t o  the e f f e c t  

shaping the screen g r i d  hole  has on beam current  and i o n  beam divergence. 

I n  order t o  c l d r i f y  the bene f i c ia l  o r  detr imental  e f f e c t s  o f  screen g r i d  

hole shaping the screen hole plasma sheath o f  sone shaped screen holes were 

examined experimental ly. 

face ( w i t h  a 41" chamfer) had only  a very s l i g h t  e f fec t  on the screen hole 

plasma sheath potent a1 contours. 

screen g r i d  geometry was observed i n  the discharge loss l eve l  and maximum 

obtainable beam c u r r  nt.  This n u l l  r e s u l t  supports e a r l i e r  evidence by 

Kersldke and Pawlik t h a t  screen g r i d  hole chamfering has l i t t l e  m e r i t .  

have reported computer so lut ions and experimental 

I t  was round t h a t  chamfering the upstream hole 

S i m i l a r l y ,  no change from the unchamfered 

2 

Some 

r e s u l t s  which i nd i ca te  t h a t  counter bor ing the downstream screen hole face 

leads t o  s i g n i f i c a n t  screen hole sheath shape changes w i th  lower divergance 

angles and increased beam current .  

tapered screen g r i d  discussed previously.  

sheath p r o f i l e s  f o r  t h i s  chamfered and counter bored screen g r i d  t o  those 

of a conventional c y l i n d r i c a l  screen hole geometry. 

i n  the sheath p r o f i l e s  are observed. 

Such a modi f icat ion was made t o  the 

Figure 4 compares screen hole 

Only 51 i g h t  d i f ferences 

A t  the sheath adjacent t o  the screen 
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g r i d  webbing the po ten t i a l  contours are amost coincident.  

wreen hole center more d i f ferences a r e  apparent and the sheath boundary 

for the chamfered and counter bored screen hole i s  displaced upstream 

s; ,&ly r e l a t i v e  t o  the  boundary o f  t he  c y l i n d r i c a l  screen hole. This 

t rend agrees q u a l i t a t i v e l y  wi th  the p r e v i o u l y  mentioned computer solu- 

t i o n  p red ic t i on  although i t  i s  much less  pronounced than tnese so lut ions 

predict .  One would expect t h a t  by counter bor ing the screen hole i n  t h e  

manner shown i n  Fig. 4 t he  average screen hole diameter has been enlarged 

s l i g h t l y .  

po ten t i a l  t h a t  the screen g r i d  webbing C S ; ~  impress a t  t he  screer ho le 

center. Consequently, what sh ie ld ing  e f f e c t  the screen g r i d  could i n t e r -  

pose between the discharge plasma and negative accelerator g r i d  w i l l  have 

been reduced. 

re ta rd ing  e l e c t r i c  f i e l d  as they approach the cen t ra l  p o r t i o n  o f  the screen 

hole. 

penetrat ins through the i o n  accelerat ion reg ion t o  a depth poss ib le  w i t h  

the c y l i n d r i c a l  hole geometry. The net  e f f e c t  i s  t h a t  the cen t ra l  po r t i on  

o f  the sheath boundary i s  moved upstream s l i g h t l y ,  as shown i n  Fig. 4. 

Towards t h e  

Such a hole enlargement must s l i g h t l y  decrease the p o s i t i v e  

As a resu l t ,  the plasma electrons would see a stronger 

This stronger r e t a r d i n g  f i e l d  prevents the plasina electrons from 

Perhaps the discrepancy between computer so lut ions and experimental 

r e s u l t s  i s  because a l l  attempts t o  model the screen hole sheath theo rec t i -  

c a l l y  have the sheath posi t ioned w i t h i n  the screen hole f o r  the beim current  

o r  normalized perveance per hole o f  Fig. 4. With the sheath i ns ide  the 

screen hole i t  i s  apparent t h a t  screen hole shape changes might have a 

s i g n i f i c a n t  e f f e c t  on the ensuing i o n  t r a j e c t o r y  ca l cu la t i ons .  

as ,ias Deen mentioned previously,  the screen hole plasma sheath i s  w j t h i n  

the screen hole f o r  l a rge  screen g r i d  thickness values only.  Normally 

the screen g r i d  thickness i s  kept t c  a minimum because o f  the improved 

ion source plasrlla e f f i c i e n c y .  

However, 
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Chamfering and counter bor ing the  screen g r i d  gave a s l i g h t  decrease 

i n  discharge loss (<3%) and a s l i g h t  decrease i n  the  maximum obta inable 

beam cur ren t  ( < 3 X ) ,  compared t o  s i m i l a r  parameters observed w i t h  the  

c y l i n d r i c a l  ho le geometry. No beam divergence data were obtained as a 

func t ion  o f  screen hole geometry. 

ment currents  could not  be measured accurate ly  because o f  the  re la t i ve l ,  

h igh f a c i l i t y  background pressure ('~2 X Tor r ) .  However, t he  s l i g h t  

screen hole sheath shape and pos i t i on  changes apparent i n  Fig. 4 suggest 

Also, d i r e c t  accelerator  g r i d  impin5e- 

ons would be small as beam divergence and d i r e c t  i on  impingement v z r i a t  

the  screen hole shape was a l te red .  

It i s  noteworthy t h a t  a l l  o f  the  experiments descr i  bed here in were 

conducted a t  a constant accel-to-screen hole diameter r a t i o  o f  0.63. The 

ef fect  of v a r i a t i o n  i n  t h i s  parameter has no t  been inves t iga ted  b c t  t h i s  

work suggests t h a t  the e f fec ts  o f  such var ia t ions  are probably s i g n i  f ical t t .  

Space Charge Neut ra l i za t ion  

Langmuir6 has discussed the p o s s i b i l i t y  o f  increas ing the space 

charge l i m i t e d  e lec t ron  cur ren t  between two electrodes by i n j e c t i n g  ions 

i n t o  the e lec t ron  space charge and thereby p a r t i a l l y  n e u t r a l i z i n g  i t s  

detr imental e f fec t  on e lec t ron  emission. I t  was thought tha t  perhaps the 

opposite tack m i $ i t  be pursued whereby the ion  space charge i n  the screen 

hole plasma sheath could be p a r t i a l l y  neut ra l i zed  by i n j e c t i n g  low energy 

e lect rons i n t o  t h i s  sheath. 

Figure 5 i l l u s t r a t e s  the manner i n  which e lect rons were i n jec ted  i n t o  

the screen hole plasma sheath. B r i e f l y ,  a c i r c u l a r  f i l ament  was placed 

between the discharge chamber plasma and the accelerator  g r i d .  A1 though 
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Fig. 5(a) shows the  f i lament s l i g h t l y  downstream o f  the screen g r id ,  i t  

was a lso  pos i t ioned a t  varying distances i n s i d e  the screen hole and ins ide  

the screen hole plasma sheath. The f i lament  was biased r e l a t i v e  t o  the 

anode supply (although the screen g r i d  was a lso  used as a reference) and 

i t s  b ias po ten t i a l  could be varied. D i rec t  cur ren t  was provided t o  the 

f i lament loop v i a  the  he. . i e r  a icke l  support wires; ensuring t h a t  on ly  

the f i lament loop imnersed i n  the i o n  beamlet was heated t o  incandescence. 

Only the cen t ra l  ho le o f  the la rge  seven hole ar ray was modif ied i n  t h i s  

manner; the surrounding holes were masked o f f  a t  the screen g r id .  

Unfortunately a l l  e f f o r t s  t o  increase the beam cur ren t  by n e u t r a l i z i n g  

the i o n  spsce charge using the e lec t ron  i n j e c t i o n  method depicted i n  Fig. 5 

fa i led.  By co r rec t  f i lament  biasing, substant ia l  f i lament e lec t ron  currents  

could be drawn through the screen hole sheath. 

even w i t h  the f i lament  immersed i n  the screen hole plasma sheath and using 

a b ias bare ly  s u f f i c i e c t  t o  d r i v e  o f f  e lectrons, the f i lament  e lect rons were 

going too f a s t  t o  es tab l i sh  a s u f f i c i e n t l y  la rge  negative charge densi ty  io 

neu t ra l i ze  the i o n  space charge t o  any measurable extent.  A simple analys is  

assuming the f i lament  e lect rons were a t  thermal energies only  suggested t h a t  

t h e i r  v e l o c i t y  would s t i l l  exceed the l o c a l  i o n  v e l o c i t y  by three orders o f  

magnitude. This e f f e c t  was rea l i zed  before undertaking the experiment. 

I n  hindsight,  the tremendous d i s p a r i t y  i n  ve loc i t y  between the f i lament 

electrons and ions i s  s t i l l  the basic pro5lem. No j ud ic ious  choice of 

b ias ing po ten t i a l  o r  f i lament  emission l eve l  seems capable o f  circumventing 

t h i s  problem w i t h  the geometry shown i n  Fig. 5. 

charge neu t ra l i za t i on  are however s t i l l  conceivable. 

However, i t  appeared t h a t  

Other schemes o f  space 



HOLLOW CATHODE STUDIES 

Dan Siegfried 

7 A paper presented a t  a recent e lectr ic  propulsion specialist 

conference arid included in Appendix B of this  report describes much of 

the work accomplished on the subject topic over the pas t  year. 

paper describes experimental work conducted on a quartz tube hollow 

cathode which demonstrated the effects of cathode emission current level, 

propellant flow rate, cathode or i f ice  diameter and internal cathode pres- 

sure on cathode insert temperature profiles and the d i s t r i b u t i o n  o f  emis- 

sion current i n  the cathode. The downstream end o f  the insert i s  identified 

as the doininant emission s i te .  Internal cathode pressure i s  identified a s  

a very important parameter which influences the cathode temperature and 

emission profiles. 

enhanced thermionic mechanism o f  electron emission. Additional research 

conducted during the past year bu t  not included i n  Ref. 7 are discussed i n  

the following paragraphs. 

This 

Data presentea i n  th is  paper support the field- 

Effect of Magnetic Field on Hollow Cathode Operation 

During the tes t  program for the 8 cm thruster i t  was observed t h a t  

the keeper voltage o f  the main cathode for this thruster was sl ightly 

higher t h a n  expected. 

baffle region o f  this thruster was known to be substantially differevt 

t h a n  t h a t  of ear l ier  thrusters and i t  was sugqested t h a t  the interaction 

of the magnetic field w i t h  the cathode discharge could be the cause o f  

this higher voltage. 

field/cathode interaction, a mercury hollow cathode was operated i n  a 

The magnetic field configuration in the cathode/ 

I n  order to investigate the effect  o f  this magnetic 

13 
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diode arranger?nt i n  the presence o f  a v a r i e t y  o f  magnetic f i e l d  conf ig-  

urat ions and strengths. Langmuir probes were used t o  measure the plasma 

proper t ies o f  the cathode discharge both upstream and downstream of the 

cathode o r i f i c e  p l a t e  a t  each operat ing condi t ion.  

&paratus - --.-.- and --- Procedure 

The t e s t  conf igurat ion used t o  exacine the e f f e c t s  o f  the magnetic 

f i e l d  i n  the v i c i n i t y  of the cathode on cathGde perfot-niance i s  shown i n  

Fig. 6. The cathode used i n  these t e s t s  vas a standard E.35 mm diameter 

tantalum body cathode i i i t h  a tho r ia ted  tungsten o r i f i c e  r l a t e  having a 

0.7E IP J i a w t e r  o r i f i c e .  The i n s e r t  used i n  the cathodc r.as f ak r i ca ted  

using r o l l e d  tantalum f o i l  coated w i t h  chemical R-500." The anode was a 

cy l i nde r  made o f  perforated s ta in less  s tee l  and having i t s  ax i s  congruent 

w i th  the cathode axis.  The enclosed keeper had an o r i f i c e  diameter o f  

2.5 mm and was separated from the o r i f i c e  p l a t e  b.y a 3 m long quartz spacer. 

Two c o i l s  (19 nun I D  x 30 mm OD), each w i t h  15 turns of if18 wire and each w i t h  

i t s  ax i s  congruent w i t h  the cathode axis,  were used t o  produce the magnetic 

f i e l d .  The c o i l s  were mounted as shown i n  Fig. 6 so t h a t  they could be 

moved along the cathode ax is ;  and they were connected t o  separate power 

suppl i e s  so the f i e l d s  they produce could be con t ro l  l e d  independently. 

These c o i l s  were sized t o  produce magnetic f i e l d s  i n  the range o f  50-100 

gauss when operated a t  currents o f  up t o  10 A. 

both upstream and downstrear: o f  the o r i f i c e  p la te.  

Langmuir probes were mounted 

* J. R. Baker Chemical Co., Phi l l ipsburg,  Hew Jersey. 
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I n  order t o  get a q u a l i t a t i v e  f e e l  f o r  the e f f e c t s . o f  the magnetic 

f i e ld ,  the cathode was operated over a wide range o f  condi t ions and mag- 

n e t i c  f i e l d  conf igurat ions.  The magnetic f i e l d  was found t o  have very 

s i g n i f i c a n t  e f f e c t s  on the operat ion o f  the cathode i n  t h i s  diode t e s t  

conf igurat ion.  Turning on the  solenoids dur ing cathode operat ion s i g n i f -  

i c a n t l y  increased the luminous i n t e n s i t y  o f  the discharge downstream o f  

the keeper and changed i t s  pa t te rn  i n  a manner t h a t  depended on the mag- 

n e t i c  f i e l d  shape and locat ion.  

f low rate,  and anode shape and l o c a t i o n  were a l l  found t o  be i n t e r r e l a t e d  

w i t h  the magnetic f i e l d  s t rength and conf igurat ion i n  determining t h e  

character o f  the cathode operation. This l a rge  number o f  variables, 

p a r t i c u l a r l y  as i t  was complicated by the e f f e c t  o f  anode conf igurat ion,  

made i t  d i f f i c u l t  t o  character ize the e f f e c t  o f  the magnetic f i e l d  o r  t o  

def ine a s p e c i f i c  experiment. 

keeper voltage i n  the 8 cm (SIT) th rus te r  suggested, however, t h a t  the 

e f f e c t  o f  the magnetic f i e l d  on keeper voltage would be o f  greatest  i n t e r e s t .  

The procedure f o r  t h i s  experiment was therefore l i m i t e d  t o  the case where 

the discharge current,  keeper current,  mass f low rate,  and anode conf igura- 

t i o n  were he ld constant wh i l e  the magnetic f i e l d  shape, strength, and 

l o c a t i o n  were changed. A discharge current  o f  3.0 A, a keeper current  

o f  0.3 A, and a f low r a t e  of %lo0 mA were chosen as  the t e s t  condi t ions;  

and the t e s t  was conducted using the c y l i n d r i c a l  anode shown i n  Fig. 6. 

The above operat ing condi t ions are t y p i c a l  f o r  t h i s  s i ze  cathode when used 

i n  the 15 cm SERT I 1  t h rus te r  where the f i e l d  strength i n  the cathode region 

i s  on the order o f  a few tens o f  gauss. 

anode conf igurat ion t h a t  was used for these t e s t s  were not  meant t o  model 

a s p e c i f i c  t h rus te r  conf igurat ion but were chosen as a reference cond i t i on  

Discharge current,  mode o f  operation, 

The present i n t e r e s t  i n  decreasing the 

ihese operat ing condi t ions and the 
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t y p i c a l  o f  t h r u s t e r  condi t ions t o  a l l ow  a q u a l i t a t i v e  determination o f  

the e f f e c t  o f  magnetic f i e l d s  on cathode operation. Although a number of 

solenoid c o i l  spacings were investigated, the greatest  e f f e c t  was seen 

wi th the  c o i l s  spaced as c lose as the t e s t  apparatus would al low. All o f  

the data w i l l  therefore be presented f o r  t h i s  minimum spacing between 

c o i l s  o f  %7.5 m. The p o s i t i o n  o f  the c o i l s  w i l l  be i d e n t i f i e d  using 

the dimension X (Fig. 6) which is,under t h i s  constraint , the distance from 

the keeper t o  the midpoint o f  the c o i l s .  

Results 

The e f f e c t  o f  magnetic f i e l d  i n  the v i c i n i t y  o f  the cathode on keeper 

Two magnetic f i e l d  conf igurat ions are con- voltage i s  examined i n  Fig. 7. 

sidered; 1) the cusped f i e l d  case where currents through the c o i l s  were 

i n  opposite d i rec t i ons  and 2)  the a x i a l  f i e l d  case where these currents 

were i n  the same d i r e c t i o n .  

constant a t  10 A f o r  a l l  tests .  

resul ted i n  two condi t ions o f  minimum keeper vol tage (when the cusp was a t  

the keeper and when i t  was %20 mm downstream o f  the keeper). 

f i e l d  case (same current  p o l a r i t y )  the only  minimum occurs near the 20 m 

1 oca t i on. 

The currents  through each c o i l  were held 

Figure 7 shows t h a t  moving the cusp a x i a l l y  

For the a x i a l  

I n  order t o  gain add i t i ona l  i n s i g h t  i n t o  the cause o f  these minima i n  

the keeper voltage, plasma proper t ies were measured a t  po in ts  8 mm upstream 

and 15 mn downstream o f  the o r i f i c e  p l a t e  under operat ing condi t ions cor-  

respondirlg t o  the minima i n  Fig. 7. 

there was no magnetic f i e l d  present were observed t o  be as shown i n  Fig. 8. 

The condi t ions f o r  the cathode operat ing w i t h  the n u l l  region of the cusped 

magnetic f i e l d  (midpoint o f  the c o i l s )  located a t  the keeper are shown f o r  

The condi t ions f o r  the case where 
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Figure 8. Test Configuration - No Magnetic F ie ld  
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comparison i n  Fig. 9. The shape o f  the magnetic f i e l d  l i n e s  and the 

f i e l d  i n t e n s i t y  a t  a few points  are a lso ind icated qn the i r o n  f i l i n g s  

map below the f igure.  Both the i r o n  f i l i ngsmapand  the f i g u r e  are shown 

f u l l  scale. The condi t ions associated w i t h  the cathode operat ing a t  the 

minimum keeper vol tage f o r  the a x i a l  magnetic f i e l d  are shown i n  Fig. 10. 

When the magnetic f i e l d  cusp was located a t  the p o i n t  associated w i t h  

the second minima o f  Fig. 7 ( i .e. ,  cusped f i e l d  w i th  the cusp ~ 2 0  mm down- 

stream o f  keeper), i t  was found t h a t  switching o f f  the solenoid f u r t h e s t  

downstream d i d  not  a f f e c t  the keeper voltage. The plasma and magnetic 

f i e l d  condi t ions associated w i t h  t h i s  con f igu ra t i on  are shown i n  Fig. 1 

The presence o f  the downstream solenoid had l i t t l e  e f f e c t  un the magnet 

f i e l d  shape o r  magnitcde i n  the keeper region f o r  t h i s  conf igurat ion 

(Fig. 1 1 )  and t h i s  i s  probably the reason t h a t  switching i t  o f f  had no 

e f f e c t  on the resu l t s .  

Fig. 10 and Fig. 11 shows t h a t  the f i e l d  Shape i n  the keeper region i s  

I n  f a c t ,  a comparison o f  the magnetic f i e l d s  i n  

C 

e s s e n t i a l l y  the same i n  both cases w i t h  on ly  the f i e l d  s t rength d i f f e r i n g .  

This suggests t h a t  the cusped f i e l d  shape i s  important only when the n u l l  

region i s  centered a t  the keeper. 

As shown i n  the various cases o f  Figs. 8 through 17 the plasma prop- 

e r t i e s  a t  a p o i n t  4 mm upstream of the cathode o r i f i c e  were not changed 

s i g n i f i c a n t l y  by the aagrtetic f i e l d ,  so i t  has been concluded t h a t  these 

f i e l d s  have l i t t l e  ef fect .  on the i n t e r n a l  cathode discharge. 

hand, the discharge downstream o f  the o r i f i c e  was s i g n i f i c a n t l y  af fected by 

the presence o f  magnetic f i e lds .  

magnitude increase i n  the plasma densi ty  when the magnetic f i e l d  was ap;rl ied. 

This agrees w i t h  the v isual  observation t h a t  the luniinous i n t e n s i t y  o f  the 

discharge i n  t h a t  region increased when the magnetic f i e l d  was applied. 

On the other 

The most notable e f f e c t  was an order o f  
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Figure 12 shows the e f f e c t  o f  magnet c f i e l d  s t rength on keeper vol tage 

for the case o f  the cusped f i e l d  centered a t  the keeper and f o r  the case o f  

l i k e - p o l a r i t y  solenoids located 19 mn downstream of the keeper. 

cases the keeper vol tage i s  seen t o  decrease 1 i nea r l y  w i t h  increazes i n  

magnetic f i e l d  s t rength over the 0 t o  10 A current  range o f  the magnet 

power suppl i es . 

In  both 

Note t h a t  the r e s u l t s  shown i n  Fig. 12 i nd i ca te  t h a t  the keeper vol tage 

was .~11.2 v when there was no magnetic f i e l d  present compared t o  a keeper 

voltage of 14.7 v shown i n  Fig. 8 f o r  the same operat ing condi t ions w i t h  

no magnetic f i e l d  present. 

voltage was traced t o  the presence o f  an i n s u l a t i n g  coat ing c7rl the keeper 

when the data o f  Fig. 8 were co l lected.  

d e t a i l  l a t e r .  

The reason f o r  t h i s  -4.5 b d i f f e rence  i n  keeper 

This w i l l  be discussed i n  more 

Discussion o f  Results 

As shown i n  Fig. 7 the presence o f  a magnetic f i e l d  i n  the range o f  

50-100 gauss can r e s u l t  i n  a keeper vol tage reduct ion o f  0.75 t o  2.0 vo l t s .  

i f  the f i e l d  i s  proper ly  pos i t ioned w i t h  respect t o  the keeper electrode. 

Figures 8 through 11 provide some i n s i g h t  i n t o  the xiechanism causing t h i s  

reduct ion i n  keeper voltage. 

seems t o  have n e g l i g i b l e  e f f e c t  on the i n t e r n a l  cathode discharge. i t  

probably acts t o  reduce kee2er vol tage mainly by prov id ing b e t t e r  access 

f o r  electrons t o  the keeper. This i s  most obvious i n  the case presented 

i n  Fig. 9. 

t r ave l  along many f i e l d  l i n e s  which i n te rsec t  the keeper. The e lec t ron  

gyro radius for 2 eV Maxwellian electrons iii a maqnetic f i e l d  o f  50-100 

gauss i s  4 . 5  t o  1.0 mn. 

Since the presence o f  the magnetic f i e l d  

I n  t h i s  case the electrons leav ing the cathode o r i f i c e  can 

The cathode electrons would, therefore, be expected 



2s 

OPPOSITE P&ARITY 

SAME POLARITY 

I, = 0 . 3 A  
m =lOOmA 

SOLENOID CURRENT (A)  

Figure 12. Effect of Solenoid Current on Keeper Voltage 



2s 

to follow the f ie ld  lines reasonably closely over the few millimeters 

distance between t h e  orifice and the keeper. In the cases represented bY 

Figs. 10 and 11, the reason for t h e  lower keeper voltage i c  not as clear 

since magnetic f ie ld  l ines intersecting the keeper do not generally pass 

through the cathode orifice.  

operating here as  well. 

on the field l ines,  and therefore, increases their  residence time i n  the 

region along the cathode axis downstream of the keeper. This apparently 

increases the number of ionization reactions taking place in that region. 

This is  indicated by both the increased plasma density and the increased 

plasm luminosity i n  that region. The f ie ld  lines from this  region of i n -  

creased ionization activity do intersect the keepei- electrode and so elec- 

trons producted i n  such reactions would have direct  aczess t o  the keeper by 

traveling upstream along magnetic field lines. 

present i n  Fig. 9 to some degree. 

However, a similar mechanism is probably 

The presence of the magnetic field traps electrons 

This effect  would also be 

As indicated in the results presented i n  Figs. 8 to 11 the application 

o f  the magnetjc field resulted in an increase in discharge voltage of ~3 

volts. 

of the cathode i n  a l l  three cases (Fig. 9, 10, and 11 )  are parallel t o  the 

anode surface. The electrons exiting the cathode orifice must, therefore, 

diffuse across magnetic field lines to reach the anode, and as a result 

their access t o  the anode i s  impeded when the maqnetic field i s  present. 

The cathode was also operated with anodes of various sizes, shapes, 

As might be expected the discharge voltage 

This i s  probably due to the fact  that the field lines on the axis 

surface areas and locations. 

was found t o  be highly dependent on the anode configuration as  well as 

magnetic field strength and configuration in the region adjoining the anode. 

The results of there other configurations were not  of sufficient interest  
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to  present in detail,  except to note t h a t  when the anode was constructed 

such that  field lines aided electron access to  the anode the discharge 

voltage was decreased. Conversely when, as above, the magnetic field 

lines impeded access t o  the anode the discharge voltage was increased. 

The keeper voltage on the other hand was found t o  be rather insensitive 

to  anode configuration. 

The data for Fig. 7 and Fig. 12 were not col?ected during the same 

operating period as those for Figs.  8 t o  11. As noted earlier, the keeper 

voltage when no magnetic field was present differed by ~3.5 volts between 

these two experiments. An investigation into the reason for  this difference 

led t o  the conclusion t h a t  the probable cause of the %3.5 volt  difference 

i n  keeper voltage i n  the absence of a magnetic field was an insulating 

coating on the upstream surface and orifice of the keeper electrode dur ing  

collection of the data presented i n  Figs. 8 through 11. 

i t  influenced the voltage observed when no magnetic field was present d i d  

not appear t o  have a substantial affect on the level of the keeper voltage 

when the magnetic field was present. For example, Figure 7 shows t h a t  the 

minimum keeper voltage i n  the presence of the cusped magnetic field was 

40.5 v which i s  similar t o  t h a t  indicated i n  Fig. 9 and F i g .  11 where the 

insulating coating was present on the upstream face of the keeper. 

suggests t h a t  much o f  the keeper current i s  conducted t o  the upstream side 

of the keeper when no magnetic field i s  present. When the field i s  applied, 

however, the current appears t o  flow to  the downstream side of the keeper. 

T h a t  this is  occurring is supported by two test results. First, when the 

field i s  applied, the plasma density adjacent t o  the downstream side o f  

the keeper increases by an  order o f  magnitude and electrons from this region 

have access to  the downstream side o f  the keeper by traveling along magnetic 

This coating, while 

This 
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f i e l d  l i n e s  as prev ious lv  discussed. 

i n s u l a t i n g  ceramic coat ing t o  the upstream face o f  the keeper was found t o  

cause an increase i n  the keeper vol tage f o r  the no magnetic f i e l d  case and 

no change i n  the keeper vol tage f o r  the case where the magnetic f i e l d  was 

present. This a l s o  suggests t h a t  h igh keeper voltages may i n  some cases 

be caused by sput ter ing o f  mater ia l  onto the upstream face o f  the keeper. 

This occurrence would probably be more l i k e l y  i n  ericlosed keeper conf ig-  

urat ions.  

Second, the app l i ca t i on  o f  a t h i n  

Conclusions 

When magnetic f i e l d s  on the order o f  100 gauss are present i n  the 

keeper region o f  the hol low cathode, the keeper voltage can be reduced by 

up t o  2.0 v o l t s  i f  the f i e l d  i s  proper ly or iented w i t h  respect t o  the 

keeper. 

e f fec t  of increased plasma densi ty  and o f  prov id ing d i r e c t  access o f  e lec- 

t rons t o  the keeper along magnetic f i e l d  l i n e s .  

voltage i s  proport ional  t o  the strenqth o f  the magnetic f i e l d .  

proper t ies w i t h i n  the hol low cathode do not appear t o  be a f fec ted  by the 

presence o f  the magnetic f i e l d .  

the keeper increases by about an order o f  magnitude when the magnetic f i e l L -  

are turned on. 

coat ing on the upstream side o f  the keeper i t  i s  concluded t h a t  much o f  

the keeper current  i s  co l l ec ted  a t  the upstream side o f  the keeper when 

no magnetic f i e l d  i s  present. The presence o f  the magnetic f i e l d  conf ig-  

urat ions used i n  these tes ts  appeared t o  cause the keeper cu r ren t  t o  f low 

t o  the downstream side o f  the keeper. 

keeper voltages may be due t o  i n s u l a t i n g  mater ia ls  sput ter  coated on the 

upstrzam face o f  the keeper. 

This keeper vol tage reduct ion i s  apparently due t o  the combined 

The reduct ion i n  kezper 

Plasma 

However, the plasma decs i ty  downstream o f  

Based on r e s u l t s  obtained w i th  and without an i n s u l a t i n g  

These r e s u l t s  a l s o  suggest high 



ION BEAM PLASBA INVESTIGATION 

In t roduc t i on  

The recent r e t u r n  o f  the SERT I1 spacecraft t o  continuous sun l i gh t  

condi t ions has l e d  t o  increased t e s t i n g  a c t i v i t y  on i t s  two mercury, 

e lec t ron  bombardment i o n  thrusters .  Kerslake and Domi t z  have reported 

t h a t  no t  on ly  has Thruster #2 been operated normally, but  Thruster #1, 

which has a g r i d  short,  has been operated without high voltage and i n  

t h i s  cond i t i on  has served as a n e u t r a l i z e r  f o r  Thruster #2. 

t h a t  n e u t r a l i z a t i o n  using the #1 t h r u s t e r  r e s u l t s  i n  a lower coupl ing 

voltage than t h a t  observed when the Thruster #2 n e u t r a l i z e r  i s  being used. 

This exceptional performance o f  the Thruster #1 discharge plasma as a 

n e u t r a l i z e r  i s  su rp r i s ing  when i t  i s  f i r s t  considered f o r  two reasons. 

F i r s t ,  the t h r u s t e r  i s  about 1 meter away from, the i o n  beam t o  be neut- 

r a l i z e d  and second the p o t e n t i a l  difqerence between the discharge plasma 

and the beam plasma i s  such t h a t  electrons should be retarded and even 

prevented from leav ing the discharge t o  reach the beam plasma and e f fec t  

neu t ra l i za t i on .  

from Thruster #1 w i t h  i t s  g r i d s  shorted and a t  spacecraft p o t e n t i a l  and t o  

determine the mechanism o f  n e u t r a l i z i n g  e lec t ron  f l ow  f r o m  the t h r u s t e r  

the experiments described next were performed. 

wherein the g r i d s  were biased t o  e x t r a c t  e lectrons was conducted t o  i n v e s t i -  

gate the usefulness o f  a discharge plasma such as t h i s  as a super-neutral izer 

as suggested by Kerslake and Domitz. 

8 

They r e p o r t  

I n  order t o  determine the character o f  the plasma emanating 

A f u r t h e r  experiment 

8 

&paratus and Procedure 

The beam plasma t e s t s  were conducted i n  a 1.2 m by 5 m vacuum t e s t  
9 f a c i l i t y  using a SERT I 1  th rus te r  as the source o f  discharge plasma. The 

29 
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actual  t e s t  setup i s  shown i n  Figure 13. As suggested by th i s  f igure 

the downstream plasma could comnunicate w i t h  the 1.2 m diameter l i q u i d  

n i t rogen cooled c y l i n d r i c a l  l i n e r  and a r a d i a t i o n  cooled ta rge t  located 

3 m downstream o f  the source. The l i n e r  was held a t  ground p o t e n t i a l  

dur ing the tests,  but  the ta rge t  p o t e n t i a l  could be maintained a t  various 

values t o  simulate the range o f  beam p o t e n t i a l  va r ia t i ons  observed dur ing 

the space tes ts .  

9 The i o n  source used f o r  the t e s t s  (a standard SERT I 1  u n i t  ) was 

modif ied t o  a l low independent con t ro l  and measurement o f  the main and 

cathode f l ow  rates.  The on ly  add i t i ona l  mod i f i ca t i on  made t o  i t  concerned 

the n e u t r a l i z e r  which had been moved from i t s  i n i t i a l  l o c a t i o n  near the 

accel g r i d  t o  a p o i n t  5 cm downstream o f  t h i s  g r i d  and 5 cm outside of the 

edge o f  the beam. The ax i s  o f  the n e u t r a l i z e r  cathode/keeper assembly was 

a lso or iented p a r a l l e l  t o  the t h r u s t e r  ax i s  r a t h e r  than i n c l i n e d  r e l a t i v e  

t o  i t  as irl the o r i g i n a l  design. For the t e s t  r e s u l t s  reported here the 

cathode and main f low rates t o t a l l e d  about 180 mA eq. w i th  some adjustment 

i n  the r e l a t i v e  d i s t r i b u t i o n  being used t o  achieve the discharge vol tage 

condi t ion desired. 

one t e s t  when they were biased t o  f a c i l i t a t e  e lec t ron  e x t r a c t i o n  from the 

source. 

about 30 mA and the n e u t r a l i z e r  keeper current  was maintained a t  0.2 A. 

The f a c i l i t y  pressure was maintained near 8 x 

The g r i d s  were kept shorted t o  ground except dur ing 

When the n e u t r a l i z e r  was operated the mercury f l ow  r a t e  t o  i t  was 

t o r r  dur ing the tes t i ng .  

Plasma p ropz r t i es  downstream o f  the source were measured using a 

movable Langmuir which could be swept from the beam cen te r i i ne  e i t h e r  

through the n e u t r a l i z e r  a x i s  o r  opposite i t  out t o  a radius o f  30 cm 

(measured from the t h r u s t e r  ax is) .  

from a plane w i t h i n  5 cm o f  the accelerator  g r i d  t o  one about 30 cm downstream 

This probe could a lso be moved a x i a l l y  
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o f  i t .  

i n  diameter supported from the end o f  a quartz tube. Analysis o f  cur ren t /  

voltage traces obtained from the  probe was accomplished us ing a t h i c k  

sheath approach. This ana lys is  assumes exponential cu r ren t  v a r i a t i o n  

w i t h  voltage i n  the  re ta rd ing  reg ion o f  the probe t race  and l i n e a r  v a r i a t i o n  

i n  the acce le ra t ing  region. 

Appendix A. 

measured on occasion using a conventional c y l i n d r i c a l  Langmuir probe. The 

resu l tan t  t races were analyzed us ing a t h i n  sheath probe ana lys is  procedure. 

I n  order t o  assure t h a t  currents f low ing  t o  and from the th rus ter ,  

The probe was fabr ica ted  us ing a spher ica l  p lat inum sensor 2.2 mn 

The procedure i s  described i n  d e t a i l  i n  

Plasma condi t ions w i t h i n  the discharge chamber were a lso  

10 

neut ra l i zer ,  tank, and ta rge t  were reasonable these cur ren ts  were measured 

where poss ib le .  

the various currents involved. 

o f  ne t  p o s i t i v e  cur ren t  f l ow  -- a ne t  e lec t ron  cur ren t  would correspond t o  

e lec t ron  f l ow  i n  the opposite d i rec t i on .  A l l  o f  the currents shown i n  the 

f igure were measured d i r e c t l y  i n  the tes ts  except the tank cur ren t  (Itank) 

which was determined by requ i r i ng  zero net  cur ren t  f low t o  the beam plasma. 

Figure 14 i s  a schematic o f  the  t e s t  con f igura t ion  showing 

The arrows on the  f i g u r e  show the d i r e c t i o n  

The conduct of t es ts  concerning the beam plasma was accomplished by 

establ i sh inq  discharge chamber and n e u t r a l i z e r  operat ing condi t ions and 

al lowing the system t o  s t a b i l i z e  for  a few hours before c o l l e c t i n g  data. 

Langmuir probe data were co l l ec ted  us ing an x-y p l o t t e r  t o  record probe 

current/vol tage traces t y p i c a l l y  a t  f ou r  r a d i a l  loca t ions  w i t h i n  the 

th rus te r  ( 5  mm upstream o f  the s c r e w  g r i d )  and a t  s i x  o r  more r a d i a l  l o -  

cat ions a t  each of three a x i a l  loca t ions  downstream of the acce le ra to r  

g r i d .  

peated. 

they were allowed to  s t a b i l i z e  before the c o l l e c t i o n  o f  add i t iona l  data. 

Target b ias  could then be changed and data c o l l e c t i o n  wculd be re -  

I f  discharge o r  n e u t r a l i z e r  operat ing condi t ions were a l t e r e d  
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Results 

Downstream Plasma Propert ies 

The th rus te r  was operated a t  discharge condi t ions c lose t o  those a t  

which Thruster #1 ( w i t h  the  shor t  between i t s  g r i d s )  i s  operat ing i n  space 

and the beam p asma was probed. Figure 15 shows these plasma proper t ies 

measured along the extension o f  the th rus te r  cen te r l i ne  as a func t ion  o f  

a x i a l  pos i t i on  downstream o f  the g r i d s  a t  a discharge cur ren t  (ID) and 

vol tage (V,) of 2.0 A and 38.4 V respec t ive ly  and a main keeper vol tage 

(V,) o f  10.6 V. 

above tank ground and values o f  40 V, 20 V, and -0.1 V ( f l o a t i n g )  were 

establ ished dur ing the  tests .  Probe measurements w i t h i n  the  discharge 

chamber showed the plasma p o t e n t i a l  was ~ 3 7  V as suggested i n  the upper 

graph. 

The parameter i n  the f igures  i s  the ta rge t  b ias  vol tage 

The mean discharge chamber plasma had a Maxwellian e lec t ron  tempera- 

t u r e  and densi ty  o f  about 6 eV and 1.5 x 10l1 cm-3 and a primary e lec t ron  

energy and densi ty  of about 23 eV and 1 x 10" ~ m ' ~ .  The data of Figure 15 

were obtained w i t h  the neu t ra l i ze r  o f f ,  bu t  r e s u l t s  obtained l a t e r  w i t h  i t  

on suggested t h a t  i t s  operat ion d i d  n o t  a l t e r  these r e s u l t s  s i g n i f i c a n t l y .  

Several observations can be made regarding Fiqure 15. F i r s t ,  the 

downstream th rus te r  p o t e n t i a l  tends t o  l i e  about 10 V above the t a r g e t  

po tep t ia l  and the temperature and densi ty  p r o f i l e s  do not  appear t o  be 

a f fec ted  s i g n i f i c a n t l y  by ta leget bias.  Second, the a r i a 1  var ia t jons  i n  

plasma p o t e n t i a l  and e lec t ron  temperature are probably no t  s i g n i f i c a n t  t o  

w i t h i n  the accuracy o f  the measurements. 

decrease r a p i d l y  w i t h  a x i a l  pos i t i on  probably because o f  expansion of the 

plasma as suggested by Kerslake.8 During the course o f  the c o l l e c t i o n  o f  

the data shown i n  Figure 15, the cur ren t  co l l ec ted  by the t a r g e t  was 

measured. 

The e lec t ron  densi ty  does however 

No net  e lec t ron  current  was drawn when the ta rge t  was f l o a t i n g  
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of course, but a current  of 32 mA was drawn a t  a ta rge t  b ias p o t e n t i a l  of 

20 V and 54 mA was drawn when the t a r g c t  was biased t o  40 V .  An i o n  

cu r ren t  -- determined by the Bohm cond i t i on  a t  the screen g r i d  -- o f  the 

w d e r  of a few tens of mil l iamperes should be drawn out o f  the t h r u s t e r  

so the actual  e lec t ron  curref i t  t o  the ta rge t  could be higher than the ne t  

e lect ron cui ren t  by t h i s  amount. 

The r a d i a l  v a r i a t i o n  i n  the plasma proper t ies o f  the th rus te r  e f f l u x  

with a f l o a t i n g  ta rge t  i s  i l l u s t r a t e d  by thc data o f  Figure 16. These data 

were measured 20 cm downstream o f  the th rus te r  w i th  the n e u t r a l i z e r  operat ing 

a t  a p o t e n t i a l  7 V below ground p o t e n t i a l  and skewing o f  the data i s  con- 

,idered t o  be a r e s u l t  o f  r i e u t r a l i t e r  operation. Comparison o f  Figure 16 

data w i t h  those o f  Figure 15 suggests t h a t  the plasma p o t e n t i a l  and e lec t ron  

temperature data are i n  agreement but e lec t ron  densi t ies o f  Figure 16 a r e  

somewhat lower than those o f  Figure 15. 

but the data for  these two p l o t s  were obtained a t  d i f f e r e n t  times and the 

discharge voltage was about 2 volts lcwer when the data o f  Figure 16 were 

obtained than i t  had been when the Figure 15 data were co l lected.  

discharge voltage d i d  seem t o  inf luence the th rus te r  e f f l u x  arlrl i t  i s  be- 

l i eved  t h a t  the v a r i a t i o n  i n  the discharge vol tage caGsed the observed d i f -  

ference. 

operated rJith i t s  g r i d s  a t  ground p o t e n t i a l  tends t o  spread q u i t e  r a p i d l y .  

This i s  suggested by the f a c t  t ha t  the cen te r l i ne  plasma densi ty  decays 

r a p i d l y  (Figure 15) and t h a t  the beam diameter has increased f r o m  abouc 

15 Ltn a t  the g r i d s  t o  40 t o  50 cm i n  the data o f  Figure 16, taken %20 cm 

f u r t h e r  downstream. 

stream o f  the g r ids  data w i t h  those o f  Thruster #? onerat ing i n  space 

( w i t h  h igh vol tage appl ied) i t  appears t h a t  beam plasma i s  more h i g h l y  

The reason f o r  t h i s  i s  not apparent, 

This 

The data o f  Figure 16 suggest t h a t  the plasma e f f l u x  from a source 

Comparing the r a d i a l  spread o f  these data 20 cm down- 

8 
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columnated when the h igh  vol tage i s  on. 

Effects of Neut ra l i zer  Operation 

It was considered des i rab le t o  account f o r  the various currents  going 

t o  and from the neu t ra l i ze r  and the th rus te r  operat in9 wi thout  h igh vol tage 

t o  assure that a l l  of these currents  were reasonable and t o  f a c i l i t a t e  an 

examination of the e f fec ts  o f  neu t ra l i ze r  b ias po ten t i a l  (coupl ing v o l t -  

age) on these currents.  This l a t t e r  e f f e c t  was considered important be- 

cause the coupl ing vol tage had been var ied i n  space tes ts .  

Figures 17 and 18 show the  e f f e c t  o f  var ia t ions  i n  neu t ra l i ze r  b ias 

on the currents def ined i n  Figure 14. They suggest t ha t  a negative neutra- 

l i z e r  b ias resu l t s  i n  increased neu t ra l i ze r  emission and tha t  most of t h i s  

emission goes t o  the vacuum tank. This would presumably correspond t o  i n -  

creased emission t o  the space plasma i n  space tests .  

from the th rus te r  i s  not  a f fec ted  g rea t l y  by t h i s  negative bias.  

neu t ra l i ze r  bias resu l t s  i n  an increased emission f r o m  the th rus te r  which 

i s  co l l ec ted  by the neut ra l i zer .  

b ias which was var ied from f l o a t i n g  po ten t i a l  (near ground) t o  20 V and 

35 V. These var ia t ions  i n  ta rge t  po ten t i a l  do not  seem t o  a l t e r  the qua l i -  

t a t i v e  descr ip t ion  given above. 

keeper po ten t i a l  measured w i th  respect t o  ground as coupl ing voltage i s  

varied. 

most p o s i t i v e  surface i n  the t e s t  f a c i l i t y  a t  -18 V, -12 V and -6 V coupl ing 

voltages f o r  the f l o a t i n g ,  20 V and 35 V t a rge t  po ten t i a l s  respect ive ly .  

S ign i f i can t  e lec t ron  currents are not drawn from the th rus te r  t o  the neutra- 

l i z e r ,  however, u n t i l  the coupl ing vol tage reaches about 5 V. 

=igures 17 t o  19 has suggested the fo l low ing  observations: 

Net e lec t ron  emission 

Pos i t i ve  

The parameter on the curves i s  the ta rge t  

Figure 19 shows the v a r i a t i o n  i n  neu t ra l i ze r  

I t  i s  i n t e r e s t i n g  t o  note t h a t  the neu t ra l i ze r  keeper becomes the 

Review o f  
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. Neutralizer emission is not affected significantly by ta rge t  
bias, 

. The target seems to  collect most o f  the thruster emission (even 
when the neutralizer keeper is  as much as 50 V positive of the 
target) ,  and 

. When t k  neutralizer is  biased negative most of i t s  emission 
goes to  the vacuum tank ground. 

Operation of An Ion Source as a Neutralizer 

Ini t ia l ly  one might  conclude a f te r  considering the adverse potential 

?ifference from the discharge plasma t o  the beam plasma of a source 

operating w i t h  i t s  grids a t  ground potentia: t h a t  electrons would not 

escape through the g r ids .  This would make the device useless as a neutra- 

l izer ,  b u t  space tes ts  have revealed t h a t  such a source works well in this  

application.8 The question of how electrons can escape from a discharge 

plasma a t  240 V into a beam plasma a t  about %20 V as  observed in space 

begs for an answer, In order to  answer this question a series cf tes t s  

were r u n  in which thruster discharge voltage was changed by adjusting the 

discharge current or propellant flow rites. 

obtained, for example, by varying the discharge current a t  a constant flow 

rate condition. 

The d a t a  o f  Figure 20 were 

They suggest t h a t  an increase in’ the discharge-keeper 

voltage difference results i n  an increase i n  the electron current from 

the thruster and t h a t  this voltage differewe must r ise  above a threshold 

near 26 vo l t s  before net electron loss occurs. 

voltage difference determines the primary electron energy” i t  was 

postulated t h a t  net electron current was given off by the thruster when 

the primary electron energy was sufficient to eve,-come the potelitial dif-  

ference between the discharge chamber and beam plasmas. 

the plasma conditions fo r  one typical operating condition where the net 

Since this discharQe-keeper 

Figure 21 shows 
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electron emission current from the thruster (ITH) i s  164 mA. 

proposed model were t o  be valid the primary electron energy ( 6  

21.3 eV) would have t o  be greater than the discharge chamber-beam po- 

tential difference ($d - $b = 19.7 V )  for this  case where emission i s  

occurring. 

fied. 

( n b  = 7.5 x 10 ~ m ' ~ )  is of the same magnitude as the discharge chamber 
9 primary electron density ( n  = 16 x 10 ~ m - ~ )  while the Maxwellian electron 
9 density i s  much greater (n,,, = 120 x 10 Sinie electron d r i f t  

velocities in the two regions should be o f  the same order, this  too suggests 

i t  i s  primary electrons that find their  way i n t o  the beam plasma while dis- 

charge chamber Maxwellian electrons having a temperature of several eV tend 

t o  remain in the chamber. 

uncertainty in primary electron energy and plasma potential measurements 

i s  greater t h a n  the escaping electron energy ( r  - [od - ob]) being com- 

puted here. 

i s  near zero a t  low electron emission levels and substantially higher a t  

high emission levels. 

of operating conditions including the one corresponding t o  Figure 21. 

the f i r s t  five cases given the emission i s  relatively low (near the thres- 

hold) and the escaping electron energy ( c  

l as t  two cases the thruster was biased negative. 

electron emission current and a correspondingly h i g h  escaping electron 

energy. 

electrons can also overcome the potential difference and contribute t o  

the net electron current. 

If the 

P 

One can see that i n  th is  case the condition i s  indeed sat is-  

I t  i s  also noteworthy t h a t  the electron density in the beam 
9 

P 

I t  i s  important t a  note a t  this point t h a t  the 

"P 
One can therefore do no better t h a n  t o  show t h a t  th is  energy 

Table I contains plasma property data for  J number 

In  

- [$d - 4b]) i s  small. I n  the 
P 

This caused a large 

I n  th is  case i t  i s  likely t h a t  substantial numbers of Maxwellian 
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P1 asma 
Energy Density Potential 

P ($1 
n 

(em-3) 
(P 

(ev) 

TABLE I 

SERT I1 PLASMA PROPERTIES 

Escaping 
Electron 
Ener y 

(ev7 

Beam ’ I I Chmbr 

-- 
28.0 

-U- 

-- 9.4 t1.1 
2.6~10’ 36.3 

’ 
_____+_ I---- 

Beam 
-20 1 lV8 1 Chmbr 

-1 
-20 I 1.8 I 

Max. Elec. 

I 
6.2 1 . 2 ~ 1 0 ~ ~  2 - 4  I 1.6x1010 

-t-- 
5.2 1 . 4 ~ 1 0 ~ ~  
2.2 I 5.0x109 

1.5 1 . 0 ~ 1 0 ~ ~  
6.9 I 1.4~10” 

+- 
1.8 I 1 . 4 ~ 1 0 ’ ~  
6.9 1 1 .2~10” 

E?: 1 8 . 7 ~ 1 0 ~  
1 .5x1Ol1 

7.0 1 . 5 ~ 1 0 ~ ~  2 * 2  I 
::E I 6 . 0 ~ 1 0 ~  

1 .5x1011 

14.9 t 1  .fj -- 
21.3 I 7.5;;09 1 34.6 1 

I I 

I -- 9.4 -- 
27.1 I 1 . 7 ~ 1 0 ’ ~  37.6 1 -’” 

14.4 t1.6 -- 
20.3 1 3.6;rO9 1 33.7 1 

’lS3 t19.5 
-- I - -  

27.6 I 3 . 1 ~ 1 0 ~  1 19.4 1 
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The e f f e c t  o f  negative t h r u s t e r  b ias ( i nc lud ing  both y r i d s )  on the 

e lect ron emission current  i s  considered f u r t h e r  i n  Figure 22. Re la t i ve l y  

small t h r u s t e r  b ias voltages are seen t o  enable one t o  draw e lec t ron  cur-  

ren ts  o f  the order o f  a few amperes. 

t o  change suddenly when the b ias vol tage was i n  the -20 t o  -25 V range 

between two d i s t i n c t  modes o f  operat ion as t h i s  f i q u r e  suggests. 

h igh currents achieved here suggest t h a t  super-neutral izer operat ion as 

proposed by Kerslake and Domi tz  would probab:y be most e f f e c t i v e  i f  the 

g r i d s  were biased i n  t n i s  way. 

Discharge condi t ions were observed 

The 

Conclusions 

When the discharge chmber o f  an i o n  t h r u s t e r  i s  operated w i t h  i t s  

g r i d s  a t  ground po ten t i a l  both ions and electrons escape from it. 

electrons escaping seem t o  be mostly primary e lect rons which are the elec- 

t rons having a s u f f i c i e n t l y  h igh k i n e t i c  energy t o  overcome the adverse 

po ten t i a l  d i f f e rence  between the discharge and beam plasmas. 

th rus te r  i s  biased negat ive ly  so both primary and Maxwel l i a n  electrons 

can overcome the p o t e n t i a l  h i l l  between the discharge and beam plasmas 

the e lect ron current  drawn from the t h r u s t e r  increases subs tan t i a l l y .  

The 

I f  the 

Tests conducted w i t h  the th rus te r  a t  ground po ten t i a l  suggest t h a t  

when the n e u t r a l i z e r  i s  on, i t  can draw some e lec t ron  current  from the 

thruster ,  provided i t  i s  maintained a t  a p o t e n t i a l  s i g n i f i c a n t l y  abme 

t h r u s t e r  po ten t i a l .  The e lec t ron  current  drawn t o  the t a r g e t  from the 

discharge chamber does n o t  seem t o  be a1 tered s i g n i f i c a n t l y  because o f  

changes i n  n e u t r a l i z e r  po ten t i a l ,  and the n e u t r a l i z e r  emission doesn't  

seem t o  con t r i bu te  t o  the net  e lect ron current  drawn by the ta rge t  a t  any 

n e u t r a l i z e r  po ten t i a l .  
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BAFFLE APERTURE DESIGN STUDY 

John Brophy 

In t roduc t i on  - 
The use o f  a hol low 

t h r u s t e r  operat ing l i f e t  

a b a f f l e  t o  r e s t r i c t  the 

cathode 

me requ 

f l ow  o f  

i n  place o f  an oxide cathode t o  increase 

res, among other  things, the a d d i t i o n  o f  

electrons f r o m  the hol low cathode. This 

separates the plasma i n t o  two d i s t i n c t  regions,12y13913 -- the cathode 

region and the main discharge region. The cathode region i s  def ined as 

the one conta in ing the plasma t h a t  i s  outs ide o f  the hol low cathode bu t  

i ns ide  the cathode pole p iece /ba f f l e  assembly. Proper t h r u s t e r  operat ion 

depends on the c rea t i on  o f  primary electrons w i t h  s u f f i c i e n t  energy t o  

i on i ze  the neutra l  propel lant  atoms, y e t  not  so great t h a t  they produce a 

l a rge  number o f  doiibly charged ions. For example, a hol low cathode, mercury 

ion  th rus te r  would t y p i c a l l y  operate w i t h  primary electrons having an energy 

i n  the 20 t o  30 eV range. 

l i shed  by accelerat ing the electrons from the cathode region plasma i n t o  the 

main discharge region through a p o t e n t i a l  d i f ference occurr ing i n  the prox- 

imity o f  the b a f f l e  aperture.14 Since the primary electrons c o n s t i t u t e  an 

important aspect o f  e lect ron bombardment th rus te r  operat ion i t  i s  des i rab le 

t o  understand the pi-ocesses on going i n  the b a f f l e  aperture region. I n  the 

past the design and opt imizat ion o f  the cathode pole p iece /ba f f l e  assembly 

has been accomplished by phys i ca l l y  performing a number o f  parametric 

var ia t ions.  12913915916 This procedure i s  both time consuming and expensive, 

therefore i t  i s  des i rab le t o  minimize the number o f  va r ia t i ons  required. 

The ob jec t i ve  o f  t h i s  study has been t o  develop a theo re t i ca l  model re-  

l a t i n g  the b a f f l e  aperture a r e a  t o  thP magnetic f i e l d  s t rength and plasma 

The creat ion o f  these primary electrons i s  accomp- 

49 
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proper t ies i n  t h i s  region, w i t h  the r e s u l t  t h a t  t h i s  model could be used 

as an a i d  i n  th rus te r  design. Extensive Langmuir probing was undertaken 

t o  t e s t  the v a l i d i t y  o t  the mcdel. Much o f  the work accomplished under t h i s  

task has been reported i n  Reference (11) which i s  inc luded i n  Appendix B. 

What fo l lows i s  an extension o f  t h a t  work r e f l e t t i n g  somewhat d i f f e r a n t  

assumptions i n  the model. 

Apparatus and Procedure 

A l i  experiments pe r ta in ing  t o  t h i s  study were ca r r i ed  out on a 14 cm 

dia.  r a d i a l  f i e l d  th rus ter .  The thr:*ster was equipped w i t h  the pole piece 

assembly shown schematical ly i n  Figure 23. For these tes%s the cathode 

pole piece outer  diameter was held constant a% 3.18 cm and the w a l l  and 

b a f f l e  p l a t e  thicknesses were both 0.32 cm. 

o f  Figure 23 provided separate cont ro l  over the maqnetic f i e l d  s t rength i n  

tk  aperture through the use o f  a 12 t u r n  magnetic b a f f l e  solenoid. 

magnetic coupl ing rods shown were made o f  s o f t  i r o n  and were o f  suff ic- ient 

cross sect ion t o  assure t h a t  the  magnetic f l u x  through the rods was we l l  

below the sa tura t ion  p o i n t  a t  the maximum solenoid current .  Control o f  

the magnetic f i e l d  s t rength i n  the main discharge region was accomplished 

through the use o f  8 r a d i a l l y  or iented electromagnets. Since the cathode 

pole piece was p a r t  o f  the main th rus te r ' s  magnetic c i r c u i t ,  increas ing 

The magnetic b a f f l e  assembly 

The 

he cur ren t  through the r a d i a l  nagnets increased the magnetic f i e l d  s t rength 

i n  the aperture region as wel l  as the main discharge r e g i m .  

changing the f i e l d  s t rength i n  the aperature by using the b a f f l e  solenoid 

d i d  no t  s i g n i f i c a n t l y  change the maqnetic f i e l d  i n  the main discharge region. 

Magnetic f l u x  dens i t ies  i n  the center o f  the aperture ranging from 9 x 

t o  120 x 

r a d i a l  magnets. 

Hc.ever, 

t e s l a  could be establ ished using e i t h e r  the b a f f l e  o r  the 
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Figure 23 .  Cathode Pole Piece/Baffle Assembly 
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The pole p iece /ba f f le  geometry o f  Fig. 23 

because i t  tends t o  concentrate the magnetic f 

plasma proper t ies i n  the cathode reg ion are  

o f  the  cathode probe was no t  c r i t i c a l ,  b u t  

cen te r l i ne  t o  assure t h a t  i t  was n o t  i n  the 

was chosen f o r  t h i s  study 

e l d  line!: i n  the aperture 

A p l o t  o f  the magnetic f l u x  densi ty  as 2 fi:t;ction o f  the r a d i a l  region. 

pos i t i on  measured from the th rus te r  cen te r l i ne  through the aperture i s  

give(! i n  Fia. 24 f o r  var ious values o f  r a d i a l  electromagnet cur ren t  ( I R )  

and b a f f l e  electromagnet cur ren t  ( IBAF). 

were taker. through the midpoint  o f  the gap and they do show t h a t  the mag- 

x t i c  f i e l d  i s  q u i t e  peaked i n  the aperture region. 

These magnetic f i e l d  p r o f i l e s  

Two c y l i n d r i c a l  Langmuir probes were used t o  measure the plasma 

proper t ies on each side o f  the aperture. 

0.076 cm diameter tantalum w i re  0.076 cm long supported from a quartz tube 

i m u l a t o r .  I t  was posi t ioned a t  a r a d i a l  d istance approximately equal t o  

the keeper rad ius a t  the a x i a l  midpoint  o f  the aperture gap. Because the 

The cathode reg ion probe was a 

oning 

the 

The 

main discharge reg ion probe was a 0.076 cm diameter tantalum wi re  0.123 cm 

long again supported from a quartz tube i n s u l a t o r .  

probes can be seen i n  Figure 23. The main discharge req ion probe could 

a lso  be swept r a d i a l l y  through the aperture and several measurements o f  

plasma proper t ies as a func t ion  o f  the r a d i a l  d istance through the aperture 

were made. 

by Bea t t i e  

The pos i t i on ing  of  both 

The probe traces were analyzed using a computer program developed 

10 

Extensive plasma proper ty  measurements were made us ing the cathode 

reg ion and main diqchat-ge reg ion probes over a wide range o f  operat ing con- 

d i t i o n s .  A summary o f  

the values o f  the important var iab les f o r  each t e s t  i s  l i s t e d  i n  Table 11. 

Three d i f f e r e n t  b a f f l e  aperture areas were probed. 

f a i r l y  un i form the p o s i t  

t was placed f a i r l y  near 

region o f  plasma heat ing 
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Figure 24. Magnetic Flux Density Through Aperture 
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Table I1 

Test Conditions 

Test 
No. 

Aperture Gap Main Cathohz Arc Range o f  Peak Mag. 
Area Spacing Flow F1 ow Cur. Flux Density i n  Gap 
Cm2 1 wCcml Rate Rate CAI  tes la ]  

rmAe<l1 rmAeq1 

1 5 . 7 1 ~ 1 0 ' ~  0.64 650 165 4.50 9-1 11 

2 6.85~1 0'4 0.76 500 100 3.50 15-1 07 

3 9.14~1 0'4 1.02 500 100 3.50 13-88 

4 9.14~1 O"+ 1.02 400 80 3.50 13-100 

The screen and accelerator g r i d  voltages were held a t  +lo00 V and 

Before each t e s t  the aperture area -500 V respect ively f o r  a l l  tests.  

war set  by adjust ing the gap spacing. 

current, cathode f low r a t e  and main f low r a t e  were maintained approximately 

During the data c o l l e c t i o n  the arc 

constant whi le the magnetic f i e l d  strength i n  the aperture was var ied by 

changing the currents through the r a d i a l  and ba f f l e  electromagnets, t h i s  

i n  t u r n  caused the discharge voltage t o  change. 

s e t t i n g  two Langmuir probe traces were taken, one w i th  the cathode region 

probe and the other w i t h  the main discharge region probe. The parameters 

descr ib ing the operating condi t ion (arc current,  arc voltage, beam current 

and keeper vol tage) were a1 so recorded. 

A t  each f i e l d  strength 

Theory and Analysis 

I n  a proper ly designed thruster  two f i e l d s  e x i s t  i n  the aperture 

region which inf luence the e lect ron d i f f u s i o n  process there. 

across the aperture i s  a magnetic f i e l d  and normal t o  i t  through the 

aperture i s  a steady e l e c t r i c  f i e l d .  The fo l lowing paragraph gives a 

q u a l i t a t i v e  model proposed fo r  the process of e lect ron d i f f us ion  through 

Oriented 

the aperture. 
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The electrons which eventual ly form the discharge current  are i n i t i a l l y  

thermal electrons i n  the cathode regions w i th  a r e l a t i v e l y  low temperature 

(Q eV). They dif fuse across the magnetic f i e l d  l i n e s  under the in f luence 

of a po ten t i a l  gradient, a density gradient and a temperature gradient. 

The e lcct rons are accelerated by the e l e c t r i c  f i e ld ,  and they d i f f u s e  across 

the magnetic f i e l d  l i n e s  by having c o l l i s i o n s  tha t  change the pos i t i on  o f  

t h e i r  guiding centers.17 The electrons lose  l i t t l e  energy i n  these c o l l i s i o n s  

since they are p r imar i l y  e l a s t i c  c o l l i s i o n s  where the f rac t i ona l  energy l o s t  

i s  o f  the order o f  the r a t i o  o f  the e lec t ron  mass t o  the mass o f  a neutra l  

part ic le.18 

t h i s  e lec t ron  transport.  

f i e l d  l i n e s  and gain energy from the e l e c t r i c  f i e l d  u n t i ;  they reach an 

energy a t  which i n e l a s t i c  c o l l i s i o n s  a lso  become in!portant. 

several things can happen. 

e l a s t i c  c o l l i s i o n s  and escape from the aperture car ry ing  w i th  them the f u l l  

amount of the energy gained from the e l e c t r i c  f i e l d ,  i .e., these electrons 

leave as the so ca l l ed  primary electrons. 

i n e l a s t i c  c o l l i s i o n s  and lose a s i g n i f i c a n t  port ior .  o f  the energy just. gained 

and leave the aperture region as thermal electrons.* 

through i n e l a s t i c  c o l l i s i o n s  i n  the aperture region could expla in  qua l i t a -  

t i v e l y  why the plasma glows not iceably b r i qh te r  i n  the b a f f l e  aperture 

region than i t  does i n  the r e s t  o f  the discharge chamber. 

possible tha t  the discharge current  through the aperture consists o f  both 

primary and Maxwell ian  electrons. 

It !night a lso be tha t  some type o f  plasma turbulence f a c i l i t a t e s  

The electrons continue t o  d i f fuse  across magnetic 

A t  t h i s  po in t  

Some of the electrons miqht undergo add i t iona l  

Other eit3ctrofis might undergo 

This dumping o f  energy 

Thus i t  appears 

_I- 

* S t i l l  other electrons might escape w i th  t h e i r  energy i n t a c t  throuqh the 
i n te rac t i on  o f  some type o f  plasma turbulence so they may a lso  become 
primaries. 
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To der ive a re la t i opsh ip  between the b a f f l e  aperture area and the 

magnetic f i e l d  and plasma propert ies i n  t h i s  region one can best s t a r t  

with the momentum equation 19 

+ + - + +  -t d$ VP m - =  - - +  e(E + v x B) - vC mv . d t  n 

In t h i s  equation m and e are the e lect ron mass and charge respect ively,  

n i s  Chc e lect ron number density, P i s  the e lect ron pressure, 

3 are the e l e c t r i c  and magnetic f i e l d  vectors respect ively,  vC i s  the 

average e lect ron c o l l i s i o n  frequency and $ i s  the average e lect ron d r i f t  

ve loc i ty .  

i o  the e lect ron thermal v e l o c i t y  and f o r  steady s ta te  condit ions Eqn. (1) 

can be w r i t t e n  

and 

For the case where the averi.ge d r i f t  v e l o c i t y  i s  small compared 

+ 
Where the e lect ron current j = ne; and plasma po ten t i a l  gradient ?V = -E, 

have been defined and incorporated i n t o  Eqn (2).  

system t h a t  has i t s  axes everywhere p a r a l l e l  o r  perpendicular t o  the 

magnetic f i e l d  i s  defined, Eqn (2) can be w r i t t e n  i n  component form as, 

Now i f  a coordinate 

j, = 0 Normal t o  if: env,V - vAP - JOB - - C 
mu 

( rad ia l  ) e 

C 
mu 

e Para l l e l  t o  8: env v,,- V,,P - - j,, = 0 

mv 

e Aziml ha): envBV - v,P + j,B - - ‘ j e = 0  

Where the subscripts L, I I  and e r e f e r  t o  the normal, p a r a l l e l  and 

azimuthal d i rect ions w i th  respect t o  the magnetic f i e l d  vector. 

experimental conf igurat ion here, these d i rect ions are defined i n  Figure 23. 

For the 
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* 
Assuming there are no potential or pressure gradients in the azimuthal 

direction Eqn. (3b) becomes, 

j,, = 0 . 

Therefore, there is no net current flow parallel to the magnetic field. 

Equations (3a & b) can be solved simultaneously for the components of the 

current in azimuthal and normal directions to give, 

v -e c - [nev,V - v,P] - m 
jl - v + WBZ 

C 

( 4 )  

The quanity dB = - eB is the electron cyclotron frequency. These equations 

are essentially the same as those given oy Wells.14 

Eqn. (5) that if there is a current across the -.3gnetic field lines from the 

main to cathode discharge region (j,) then there must also be a current in 

the azimuthal direction ( j e ) .  

m 
It can be seen from 

Equation (6) can be written in terms of the classical coefficient for 

electron diffusion across magnetic field lines Dc as, 

v, PI ne e jL = D [-V,V - - C kT kt 

where , 

* 
Plasma oscillations leading to potential gradients in the azimuthal 
direction have been proposed as a mechanism for Bohm diffusion. 
we shall assume here that there are no steady state potential gradients, 
while maintaining that Bohm diffusion is still possible. 

However, 
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Now assuming the electron velocity distribution is  Maxwellian, the etectron 

pressure i s  related to the number density and temperature by, 

P = n k T  

so that Eqn (7)  becomes, 

j, = D ~ [  ne2 kT v,~ - eu,n - 'T" - VAT] . 

d Finally, making the notation change vL -+ Eqn . ( lO)  can be written, 

(9)  

The diffusion coefficient that appears in Eqn. (11) i s  that obtained from 

classical diffusion theory and i s  defined in Eqn. (8). 

s t r e n g t h s  such t h a t  

For magnetic field 

% > >  1 
vC 

which i s  typical of the aperture region, the classical diffusion coefficient 

becomes, 

However, i t  has been found that a diffusion coefficient proportional to  

B-1 correlates better w i t h  experimental results obtained i n  ion thrusters. 

This d i f fus ion  coefficient, f i r s t  proposed by Bohm," may be written as ,  

20 

kT 
O B = =  . 

A t  this point i n  the analysis i t  was necessary to determine what form 

of the diffusion coefficient should be used. ( i .e .  whether Bohm or classical 

diffusion applies t h r o u g h  the baffle aperture.) An attempt was made t o  

determine experlmentally an average value for the diffusion coefficient 
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through the aperture. 

d i f fus ion coef f i c ien t  across magnetic f i e l d  1 ines t o  give, 

To do t h i s  Eqn. (10) was solved f o r  the e lec t ron  

The d i f f u s  

determined 

- 1  

kT dr- “dr T dr 
ne2 dV 

on c o e f f i c i e n t  appropriate t o  the exper 

from Eqn. (15) provided the der iva t ives  

of t h i s  equation can be determined experimentally. 

mental apparatus can be 

on the r i g h t  hand side 

The in format ion required 

as input  t o  t h i s  equation was obtained f o r  a few cases hy measuring the 

plasma proper t ies a t  several rad ia l  pos i t ions  through the aperture w i t h  a 

Langmuir probe. 

i n  Fig. 25 where the plasma poten t ia l  i s  p l o t t e d  as a funct ion o f  rad ia l  

pds i t ion.  

t o  the der iva t ives  required by Eqn. (15).  However, the  amount of work re-  

qu i red t o  implement t h i s  procedure over a wide va r ie t y  o f  t e s t  condit ions 

i s  p roh ib i t i ve .  

i n  the property through the aperture d iv ided by the aistance over which the 

change occurred, t ha t  i s ,  the de r i va t i ve  dV/dr was approximated by AV/: j r ,  

e tc .  A t yp i ca l  example o f  the approximation o f  the po ten t ia l  gradient i s  

shown i n  Fig. 25 as the dashed l i n e .  

good and i s  t yp i ca l  o f  the resu l t s  obtained f o r  o ther  t e s t  condit ions. 

very low magnetic f l u x  densi t ies ( less than . Q O X ~ O ’ ~  tes la )  i n  the aQerture 

t h i s  acthod tends t o  overestimate i n  the value o f  the de r i va t i ve  and t h i s  

a r t i f i c i a l l y  lowers the ca lcc la ted d i f f u s i o v  c o e f f i c i e n t  s l i g h t l y .  

i s  not  a serious problem however since the magnetic f i e l d  i n  the aperture 

o f  a normally operating th rus ter  i s  i e n e r a l l y  wel l  above t h i s  value. The 

advantage o f  t h i s  procedure i s  t ha t  i t  enables the experimenter t o  obta in  

sa t is fac to ry  resu l t s  w i th  on ly  two Lanqmuir probe measurements a t  each 

An example of the resu l t s  obtained by doing t h i s  are given 

This type o f  extensive data c o l l e c t i o n  provides good approximations 

The der iva t ives  were therefore approximated as the change 

The approximation i s  seen t o  be f a i r l y  

A t  

This 
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operating condit ion. With these approximations Eqn. (15) takes the form, 

where the distance A r  i s  taken t o  be equal t o  the aperture gap s ize  w. 

The gap s ize  i s  the distance from the downstream end o f  the cathode pole 

piece t o  the b a f f l e  p la te  (F ig .  23). It was arzumed tha t  the length o f  

s i g n i f i c a n t  magnetic f l u x  densi ty  through which the e lect rons had t o  d i f f u s e  

t o  escape i n t o  the  main discharge region was approximately the same as the 

distance over which the changes i n  plasma proper t ies occurred. Further, 

i t  was assumed t h a t  t h i s  length o f  s i g n i f i c a n t  magnetic f l u x  density was 

equal t o  the gap size. 

A r  i n  Eqn. (16) are approximately equal t o  the gap s ize  w . 
This l e d  f i n a l l y  t o  the condi t ion tha t  the quant i t ies  

* 

It must now be decided what values for  the densi ty  (n )  and temperature 

(T) should be used i n  Eqn. (15) since both o f  these quant i t ies  change as one 

passes through the aperture. Two d i f f e r e n t  methods o f  assigning these 

parameters were investigated. 

The f i r s t  method assigns average values t o  the densi ty  and temperature 

through the aperture. These averages were defined according t o  the fo l low-  

i n g  equations 

2 'avg 

where the subscripts "c" and llm'l r e f e r  t o  the cathode and main discharge 

regions respect ively and E i s  the primary e lect ron energy i n  eV. The P 
* 

This assumes t h a t  the po ten t i a l  
occur over the same s ize  distance. 
case and a be t te r  ca lcu la t ion  of the d i f fus ion coef f i c ien t  could be made 
i f  the distance over which each property change occurred was known. 

densi ty and temperature changes a l l  
However t h i s  i s n ' t  necessari ly the 
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average temperature was d t  'ined i n  the  !:lanner described by Eqn. (18) i n  

an attempt t o  account fo r  the presence of primary e lect rons a t  the main 

discharge side o f  the aperture. 

The second method i s  based on an assumption suggested by Kaufman and 

Robinson.22 The assumption i s  essen t ia l l y  t h a t  i n  t ravers ing  through the 

aperture from the cathode region t o  the main discharge region the densi ty 

change o x u r s  f i r s t  wh i le  the po ten t i a l  and temperature are constant and 

than the potet i t ia l  and temperature changes occur wh i le  the densi ty  i s  

constant. 

Depending on which method i s  used Eqn. (16) becomes, 
e2n en 

Method 1: D,= j[e$- e- avg avg A r  

e2n -1 

k T, A r  Method 2: D, = j[2 L!! - 

By u t i l i z i n g  the experimental data obtained i n  tes ts  conducted w i th  the 

t e s t  appartus described previously i t  should now be possible t o  determine 

d i f f u s i o n  coe f f i c i en ts  from Eqns. (17) and (18) which are appropriate t o  

the two methods which have been described. D i f f us ion  coe f f i c i en ts  evaluated 

i n  t h i s  way w i l l  be given la te r ,  but  i t  i s  necessary t o  note now t h a t  the  

experimentally determined coe f f i c i en ts  are be t te r  described by a Bohm model 

o f  the  form 
- kT 

DB-16eBa' 

The c o e f f i c i e n t  CL and the temperature T appearing i n  t h i s  expression w i l l  

take on d i f f e r e n t  values f o r  the two methods, but  the theore t ica l  deve:opment 

continues i n  bas i ca l l y  the same way. 

Subs t i tu t ing  Eqn. (21) f o r  the d i f f u s i o n  c o e f f i c i e n t  i n  Eqn. (11) 

y ie lds,  
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kT ne2 fi - ,dn - 2% 1 j = -  
al6eB [F d r  d r  T d r  

which can be rearranged t o  ob ta in  

n l6 jBdr  = endV - kT dn - kridT . 

In tegra t ing  Eqn. (23) over the  d i f f u s i o n  depth as suggested by Kaufman 

and Robinson" y ie lds,  

16a jBdr = e ndV - k Tdn - k 1 ndT , 

Assuming now tha t  there i s  neg i l  i b l e  e lec t ron  production i n  the aperture 

on so t h a t  the current  i s  constant, the current  dens t y  can be w r i t t e n  

where A( r )  i s  the area a s  determined by the magnetic f i e l d  l i n e  a t  a 

distance r 

t o  the main discharge region. 

being considered experimentally here, the area A i r )  i s  essen t ia l l y  constant 

through the aperture region so t h a t  Eqns. (24) and ( 2 5 )  combine t o  give, 

from the o r i g i n  from which the electrons f i n d  immediate access 

For the pa r t i cu la r  pole piece geometry 

15 a I Bdr 

e 1 ndV - k 1 Tdn - k 1 ndT 
A =  

z !I 
I n  t h i s  equation A 

through j u s t  as they reach the c r i t i c a l  f i e l d  l i n e  which takes them i n t o  

the main discharge region. For the geometry studied experimentally here 

i t  a lso corresponds t o  the physical area o f  the aperture. Equation (26) 

then i s  the desired theore t ica l  re la t ionsh ip  between the aperture area and 

the magnetic f i e l d  strength and plasma propert ies through the gap. 

order t o  ca lcu late the aperture area from Eqn. ( 2 6 )  the integral :  i n  the 

represents the area which the electrons can f low 

I n  
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denominator on the r i g h t  hand side o f  the equation must be evaluated. 

This can be done using e i t h e r  o f  the two methods discussed previously. 

2esul t s  and Discussion 

I t  was considered important i n  t h i s  study t o  determine the d i f f u s i o n  

c o e f f i c i e n t  t h a t  seemed t o  describe the e iec t ron  f low through the b a f f l e  

most accurately. 

Eqriz. (19  and 20) using experimentally determined plasma property data. 

resu l t s  obtained using Eqn. (20) (Method 2) t o  determine the d i f f u s i o n  

c o e f f i c i e n t  are given i n  Figure 26 where tt1.s c o e f f i c i e n t  i s  p lo t ted  against 

the magnetic f l u x  densi ty i n  the aperture. I n  t h i s  case i t  i s  apparent t h a t  

the experimental d i f f u s i o n  c o e f f i c i e n t  agrees w i t h  Bohm theory (Eqn. 21 ) 

without the need f o r  any cor rec t ion  fac to r  (a = 1 ) .  The d i f f u s i o n  c o e f f i c i e n t  

determined frm tqn. (20) agreed w i th  Eqn. !21) f o r  a = 1 t o  w i t h i n  an average 

o f  abnut 30%. For Method 1 the correct ion fac to r  (a) was determined by d i -  

v id ing  the Bohm d i f f u s i o n  coef f i c ie f i+  (Eqn. 21) by Eqn. (19)  f o r  a l l  o f  the 

t e s t  resu l ts .  This r a t i o  determines then f o r  each case what cor rec t ion  fac to r  

i s  needed t o  make the Bohm d i f f u s i o n  c o e f f i c i e n t  agree w i th  Eqn. (19). 

cor rec t ion  factor  i s  p lo t ted  against the magnetic f i e l d  s t rength a t  the 

center o f  the aperture i n  Fig. 27, where the aver? :e and standard dev iat ion 

a r e  ind icated by the s o l i d  and dashed l i n e s  respect ive ly .  This f i gu re  snows 

tha t  the c o e f f i c i e n t  takes on a constant value o f  2.6 t o  w i t h  35% over a l l  

t e s t  condit ions. 

o f  the c lass ica l  d i f fus ion  theury were ,it leas t  an order o f  magnitude too 

low. 

the e lect ron d i f f u s i o n  through the aperture, although Method 2 would seem 

preferable on the grounds tha t  i t  doesn't requ i re  the cor rec t ion  factcjr used 

i n  Method 1. 

This was done by computing the d i f f us fdn  c o e f f i c i e n t  f r o m  

The 

This 

Regardless o f  the method used i n  the work the predic t ions 

Therefore i t  appears tha t  ? i t he r  Method 1 o r  2 could $e used t o  model 
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It i s  noteworthy t o  po in t  out  here tha t  the dominant reasons why the 

factor o f  2.6 i s  needed i n  Method 1 whi le i t  i s  not i n  Method 2 i s  t ha t  

Method 2 employs the cathode e lect ron temperature i n  the Bohm d i f f us ion  

expression (Eqn. 21) whi le  Method 1 employs the average temperature and 

the mean value o f  the r a t i o  o f  these two temperatures i s  about 2.6. 

Aperture Area Determined Using Method 1 

As described previously, t h i s  method assigns average values t o  the 

plasma propert ies through the aperture. I t  a lso requires the use o f  the 

correct ion fac to r  a so tha t  the aperture area i s  given by, 

16 a I I B d r  
A =  

e ndW - k I Tdn - k I ndT 

The use o f  average quant i t ies  al lows the i n teg ra l s  i n  the denominator o f  

Eqn. (28)  t o  be approximated as, 

/Tdn T An 
avg 

where n and T are defined i n  Eqns. (17) and (18)  respect ively.  

Therefore we can w r i t e  Eqn. (28) as, 
avg avg 

16 a I f8dr 
A =  

F i n a l l y  f o r  the geometry o f  the pole piece used .in t h i s  study i t  was pos- 

s i b l e  t o  make the fo l lowing approximation f o r  the i n teg ra l  o f  the magnetic 

f i e l d  through the aperture, 

[Bdr = BmidAr 

where Bmid i s  the magnetic f l u x  densi ty a t  the midpoint o f  the aperture 
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and A r  i s  the aperture gap w. To determine the v a l i d i t y  o f  t h i s  approxi- 

mation both the i n teg ra l  and the approximation were evaluated f o r  several 

experimental cases. The r e s u l t s  are shown f o r  /Bdr p l o t t e d  against 

BmidAr i n  Fig. 28. 

t o  take place over the distance from the cen te r l i ne  o f  the cathode t o  the 

I n  evaluating the i n teg ra l ,  the i n teg ra t i on  i s  assumed 

c r i t i c a l  magnetic f i e l d  l i n e .  There i s  some d i f f i c u l t y  however i n  knowing 

exact ly the l oca t i on  o f  the c r i t i c a l  magnetic f i e l d  l i n e .  For t h i s  reason 

the magnetic f i e l d  i n teg ra l s  were evaluated up t o  the two d i f f e r e n t  l i m i t s  

shown i n  Fig. 24 which were observed from i r o n  f i l i n g s  maps t o  bracket the 

range o f  uncertainty.  The r e s u l t s  o f  these ca lcu lat ions (Figure 28) suggest 

t h a t  the approximation o f  Eqn. (31) i s  s u f f i c i e n t l y  accurate f o r  t h i s  work. 

Cer ta in ly  i t  i s  accurate t o  w i t h i n  the uncer ta in ty  f o r  determining the loca- 

t i o n  of the c r i t i c a l  magrletic ' ie ld le. With t h i s  approximation then 

Eqn. (28) can be w r i t t e n  as, 

16 a I BmidAr 
A =  

en A V  - kT An - kn AT 
avg avg avg 

I n  ar. e f f o r t  t o  make Eqn. (32) easier t o  apply for  someone designing a 

thruster  i t  was noticed t h a t  t o  a f i r s t  approximation the r a t i o  en 

kT An was constant. This constancy i s  discussed i n  some d e t a i l  i n  

Reference 11. 

w i t h i n  ?46%. Therefore one can use the approximation, 

A V /  
avg 

avg 
I t s  average value was very c lose t o  4 and was constant t o  

- 1  kT An - enavgAV . 
avg (331 

The data also show t h a t  the temperature gradient term (kn 

a neg l i g ib le  e f f e c t  i n  Eqn. (32) so i t  can be rewritten 

AT) contr ibutes 
avg 

16a 1 BmidAr 

- 4 elavgAV 
A :  (34) 
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To t e s t  Eqn. (34) experimentally the plasma properties on both sides of 

the aperture were measured for a wide variety of magnetic field strengths 

i n  the gap for tnree different aperture configurations described i n  Table 11. 

The results of these tes ts  are given i n  Reference (11) were the aperture 

area calculated from Eqn. (34)  i s  plotted against the magnetic flux density 

a t  the center of the gap. These results are summarized i n  Fig.  29 where 

the mean values and standard deviations of the areas calculated using 

Eqn. (34) are plotted against the measured aperture areas. The mean cal- 

culated values are observed to be relatively close to the actual areas 

although standard deviations of a s  h i g h  a s  45% are observed i n  some of the 

data. 

Aperture Area Determined Using Method 2. 

T h i s  method makes use of the assumption2' t h a t  i n  going through the 

aperture the density change occurs f irst  while the potential and temperature 

are constant and then the potential and temperature changp while the density 

i s  constant. Experimental measurement o f  plasma properties t h r o u g h  the 

aperture, of which Fig. 30 i s  an example, suggest that this i s  probably an 

acceptable assumption although the physical basis for  this  behavior i s  not 

apparent. 

assumption t o  be completely valid. 

the denominator of Eqn. (27)  can be approximated t o  give, 

Ideally the density change should occur a t  lesser radii fo r  the 

Using this assumption the integrals i n  

16 I JBdr 
A =  

enmAV - kTcAn - knmAT 

Now i f  the approximation of Eqn.  (31)  i s  used Eqn. (35) becomes, 

(35) 

enmAV - kTcAn - knmhT 
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Figure 29. Comparison o f  Calculated and Measured Ape-! 
Areas (Method 1) 
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The data cL!lected i n  the  tes ts  o f  Table I 1  has been used i n  t h i s  equation 

t o  determine the  calculated aperture area. 

cu lated areas along w i t h  standard deviat ions obtained from several tens o f  

t es ts  a t  the  various t e s t  condi t ions o f  Table I1 i s  p lo t ted  against 

measured aperture area i n  Fig. 31. The c i r c u l a r  symbols correspond t o  

the r e s u l t s  obtained using Eqn. (36) as wr i t ten .  

tures, AT, required as i npu t  t o  the equation was taken as the  d i f fe rence i n  

The mean values o f  these ca l -  

The d i f fe rence i n  tempera- 

Maxwellian temperature across the aperture i n  t h i s  case. The square symbols 

correspcnd t o  the  r e s u l t s  obtained neglecting the temperature gradient term. 

C lear ly  the temperature gradient term, defined i n  t h i s  manner, exh ib i t s  a 

small e f fec t .  The co r re la t i on  obtained between the  calculated and measured 

values using Method 2 i s  a tou t  as gcx l  as t h a t  obtained w i t h  Method 1. 

Equation (35) can a lso be used t o  solve f o r  the value o f  the magnetic 

f i e l d  i n teg ra l  requi red t o  e f f e c t  operation a t  a spec i f ied aperture area 

given the plasma proper t ies on e i the r  side o f  the gap, the current  f low 

through the aperture and i t s  area. 

quant i t y  Eqn. (35) was solved f o r  the i n teg ra l  t o  y ie ld ,  

To f a c i l i t a t e  ca l cu la t i on  o f  t h i s  

en&V - kTcan - knmAT 
IBdr  = . 

16 (I/A) 
(37) 

The magnetic f i e l d  i n teg ra l  calculated from Eqn. (37) i s  p lo t ted  against 

the measured in tegra l  determined using BmidAr, i n  Fig. 32. 

represents a l i n e a r  l e a s t  squares curve f i t  o f  the data and the l i n e  o f  

The dashed l i n e  

per fec t  co r re la t i on  i s  ind icated by the s o l i d  l i n e .  Again the agreement 

between calculated and measured values as ind icated by the prox imi ty  o f  

thes- two l i n e s  i s  qu i te  good. Figure 32 does show however tha t  there i s  

considerable scat ter  i n  the actual data about the mean values represented 

by the  l i nes .  
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Conclusions 

1. The d i f fus ion  o f  electrons through the  aperture region can be described 

by some form o f  the  Bohm d i f f u s i o n  c o e f f i c i e n t .  The form o f  the d i f -  

fusion coe f f i c i en t  which agrees w i t h  experimental resu l t s  depends on how 

the  values f o r  the  plasma parameters i n  the  aperture are assigned. 

average values are used, then a cor rec t ion  fac to r  o f  2.6 must be applied 

t o  the  Bohm d i f f u s i o n  c o e f f i c i e n t  t o  make i t  agree w i th  the experimental 

resu l t s .  However, i f  the  assumptions o f  Method 2 are made then the  

Bohm d i f f u s i o n  theory agrees w i t h  the  experiments without the need f o r  

a cor rec t ion  factor .  

Classical theory underestimates the  d i f f u s i o n  c o e f f i c i e n t  by a t  1 east 

an order o f  magnitude. 

Given the magnetic f i e l d  and plasma proper t ies i n  the aperture reg ion 

as inputs  t n  the theo-tf ca lcu lated aperture areas agreed w i t h  measured 

values t o  w i t h i n  an accuracy o f  about 245% f o r  both methods. 

I t  i s  a lso possible t o  ca lcu la te  the  magnetic f i e l d  i n teg ra l  through 

the aperture required t o  e f f e c t  operation a t  a given current  l e v e l  f o r  

a given aperture area and spec i f ied  plasma propert ies. 

I f  

2. 

3. 

4 .  
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APPENDIX A 

SPHERICAL PROBE TRACE ANALYSIS 

Graeme Astcn 

Plasma condi t ions i ns ide  the i o n  source used f o r  the screen hole sheath 

study and the region downstream o f  t he  SERT I 1  th rus te r  w i t h  h igh vol tage o f f  

are such t h a t  the Debye leng th  a t  t y p i c a l  operat ion condi t ions i s  approxi-  

mately 0.5 mm o r  greater. This f a i r l y  l a rge  Debye leng th  necessitates the 

use of a t h i c k  sheath Langrnuir probe analysis.  For both studies spher ical  

probes a re  used. A t y p i c a l  spherical probe t race  obtained i n  these studies 

i s  shown i n  Figure A-1. This probe t race  may be analyzed i n  the fo l l ow ing  

way. 

I n  the e lect ron re ta rd ing  region the e lect ron cu r ren t  t o  the  probe 

i s  given by 

Ln I = AV + B . (A-1 1 

While i n  the saturat ion reg ion the e lec t ron  current  f o r  a t h i c k  sheath 

spherical probe i s  described by 

I = C V + D .  

Subst i tu t ing Eqn. A - 2  i n t o  Eqn. A-1 and rearranging gives 

I = ( D  - A )  CB + - - A  C I. 
A 

(A-2) 

(A-3) 

tiere, A i s  the inverse o f  the e lect ron temperature (eV) which may be ob- 

ta ined from the slope o f  a p l o t  o f  the r e t a r j i n g  region o f  the t race  on 

semilog graph paper. 1 . 1 ~ 0 ,  C i s  the slope o f  the sat i t ra t ion region o f  

the o r i g i n a l  probe trace, which i s  l i n e a r  and i s  a measure o f  the con- 

ductance o f  t h t  .rsiasma. Both B and D may $e obtained once A and C are 

known by solv ing Eqns. ( A - 1 )  ind (A-2) a t  any current-vol tage po in t  i n  each 
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reg ion o f  the o r i g i n a l  probe t race.  Having found t h e  :onstants A, B, C 

and D t he  transcendental Eqn. (A -3 )  may be solved i t e r a t i v e l y  t o  ob ta in  

the e lec t ron  sa tu ra t i on  cu r ren t  I and e i t h e r  Eqn. ( A - 1 )  o r  (A -2 )  may 

be used t o  g ive the plasma p o t e n t i a l  V 
sat  

These r e s u l t s  may be used t o  
P' 

det i rmine the  e lec t ron  dens i t y  ne, by using the fo l l ow ing  equations. 

I n  the re ta rd ing  reg ion  

. 
1 2  'sat n = 2.969 x 10 - m-3 

a 2 K  e 
e 

I n  the sa tu ra t i on  reg ion 

J T  
n = 2.969 x 1 0 l 2  C - - - ' e  m-3 . 

a2 e 

Here, T 

probe rad ius i n  meters. 

Eqns. ( A - 4 )  and ( A - 5 )  agree t o  w i t h i n  20% i n  data analyzed t o  date. 

i s  the Maxwellian e lec t ron  temperature i n  eV, whi le  a i s  the 

The values o f  e lect ron densi ty  computed from 
e 

(A -4 )  

( A - 5 )  
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Figure A - 1 .  Typical Thick Sheath Spherical Probe Trace 
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APPENDIX B 

Resul ts obtained dur ing  the  past year under the  subject  g ran t  which 

were repor ted a t  t he  

Princeton/AIAA/DGLR 14 th  

In te rna t i ona l  E l e c t r i c  

Propuls ion Conference - 

Paper 79-2054 - Plasma P r r  i e r t y  and pL--formance Pred ic t i on  f o r  

Mercury I o n  Thruster 

Studies on an Exper ihental  Quartz Tube Hollow 

Cathode 

E lec t ron  D i f f u s i o n  through the  B a f f l e  Aperture o f  

a Hollow Cathode Thruster 

A Model f o r  Ni t rogen Chemisorption i n  I o n  Thrusters 

The Screen Hole Plasma Sheath o f  an Ion  Accelerator 

Paper 79-2056 - 

Paper 79-2060 - 

Paper 79-2062 - 
Paper 79-2114 - 

system 
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PLASM PROPERTY AND PERFORMANCE PREDICTION 
FOR MERCURY ION THRUSTERS* 

Glen R. Longhurst- and Paul J .  Wilbur? 
Colorado Sta te  Un ivers i ty  

Fort  Col l ins.  Colorado 8@523 

Abstract 

The discharge chambers o f  mercury ion  th rus ters  
are modelled so the pr inc ipa l  e f fec ts  and processes 
which govern discharge plasma propert ies and 
th rus ter  perfomance are described. The conserva- 
t i o n  re la t i ons  fo r  mass, charge and energy when 
appl ied to  the Maxwell ian e lec t ron  populat ion i n  
the i on  p roduc t im  region y i e l d  equations which may 
bt m d e  one-dimensional by the proper choice o f  
coord;Oates. Solut ions t o  t h ~ s e  equations w i th  the 
appropriate boundary condi t ions give e lec t ron  
densi ty ~ i i d  temperature p r o f i l e s  which agree rea- 
sonably w e l l  w i th  measurements. 
t o  est imate p lasm propert ies from th rus ter  design 
data and those operating parameters which are  d i -  
r e c t l y  con t ro l lab le .  By varying the operating 
parameter inputs t c  :+e cmputer  code w r i t t e n  t o  
solve these equations, performance curves are  ob- 
ta i . ed  which agree qu i te  wel l  w i th  measurements. 

I t  i s  then possible 
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d 
E 
e 

F Z '  
f 

9 
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K 
k 
L 
M 
N 
n 

n 

J 

9 
R 

r '  
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Kmencl a tu re  

Surface area (m-)  
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Ele t'on k i n e t i c  energy ( j  
Electron charge (1.6 x !PI9 cou l )  
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Maxwell i an e l  ec t ron  vel  oc i t y  d i s tri bu t i  on 
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The invest ig i?t ien o f  iu? t h rus te r  performance 
and the pheromena E I K  - ,.*'tions governing i t  has 
been ongoing for  wrny PO%. Perhaps the  most 
s ign i f i can t  . .I . '  : - co t h i s  roblem were given by 
Knauer. e t  a1.l ana by Masek.! Subsequent models 
to calcul? 'c.  t h tds te i  performance have rel?ed to  a 
l a rge  extent on estimates o r  m e a s u m m t s  G f  one 
o r  more plasma propert ies. The need f o r  a re la -  
t i v e l y  simple, t rac tab le  model which can provide 
plasma property and th rus te r  performance data f rom 
on ly  those paramters con t ro l l ed  d i r e c t l y  by the 
th rus ter  designer o r  operator has motivated t h i s  
invest igat ion.  

Yhat fo l lows i s  an analysis o f  the discharge 
i n  terms o f  the processes which appear t o  govern 
it. These processes are  evident mainly through 
t h e i r  effects on p l a s m  propert ies.  Because o f  
uncer ta in t ies  attendant i n  redur ing LanQnrir probe 
data from which these p r o p r t i e s  a re  deternined. 
i t  i s  appropriate to neglect  many minor e f f e c t s  
i n  the analysis and concentrate on the f i r s t  order 
ef fects.  Before applyfng the  conservation laws to 
obtain the pred ic t i ve  equations, the  fac to rs  con- 
t r i b u t i n g  to these e f fec ts  w i l l  be discussed. 

Ion  Production Region 

It has been  observe^!^'^^^ tha t  v i r t u a l  iy  a l l  
o f  the i on i za t i on  i n  the discharge chamber i s  done 
w i t h i n  the region bounded by the surface o f  revo- 
l u t i o n  o f  the innermost magnetic f i e l d  l i n e  t o  
i n te rsec t  the anode. That region i s  therefore 
ca l l ed  the i on  production region. It i s  shown 
schematically i n  Fig. 1. The magnetic surface 
forming the l a t e r a l  boundary o f  the i o n  production 
region i s  ca l l ed  the v i r t u a l  anode because elec- 
trons d i f f u s i n g  across the magnetic f i e l d  o f  the 
i o n  production region are co l l ec ted  w i th  h igh  
pro'bability very soon a f t e r  :hey become bound t o  
guiding centers on o r  outside tba t  surface. The 
f i e l d  l i n e s  labe l led  " c r i t i c a l  f i e l d  l i nes "  i n  
Fig. 1 are those whose surfaces o f  revo lu t i on  de- 
f ine  tha t  region o f  the discharge t o  which the 
primary electrons coming frcnn the cathode have 
d i r e c t  access without the need o f  c o l l i s i o n s  o r  
d r i f t s .  

The i o n  production region i s  the cont ro l  
volume f o r  energy. mass and charge balances. Be- 
fore performing those balances, however, consider 
the macroscopic nature o f  p a r t i c l e  behaviors i n  
t h i s  region. Propel lant  atoms enter e i t he r  
through the cathode chamber o r  by d i f f u s i o n  across 
the v i r t , i a l  anode. Because atom dens i t ies  a re  low 
and t h e i r  mean f ree  path- I r e  large, they are  
assumed t o  be near ly uni formly d i s t r i bu ted  and 
t o  have a Maxwellian ve loc i t y  d i s t r i b u t i o n  func- 
t ion a t  the temperature o f  the th rus ter  walls. 
P r o p e l l m t  atoms leave the i on  production region 
e i the r  by being converted t o  ions or by d r i f t i n g  
out through the gr ids.  Atoms which are exci ted by 
e lec t ron  bmbardment t o  other than ion i c  o r  meta- 
s tab le  states are assumed t o  de-excite imnediafely 
by photon m i s s i o n  t o  the neutral  ground state.  
Metastable and ground ion i c  s ta te  atoms are as- 
sumed to  e i t he r  t rave l  across the discharge 
chember t o  the th rus ter  surfaces, where they de- 
exc i te  t o  ground s ta te  neutral  a tow,  o r  t o  the 
g r i d  a ertures where they are l o s t .  It i s  be- 
1 ieved g tha t  only the 6 l S o  ground s ta te  neutral ,  

CITHOOE 

Figure 1. Typical Ion  Thruster 
Magnetic F ie ld  Configuraticn. 

6 3 P ~  and 6jP2 metastable, 62S+ s ing le  i o n  5'So 
double io,i atomic states w i l l  e x i s t  i n  any s i g n i f i -  
cant dens i t ies  i n  a mercury plasma discharge. The 
t rans i t i ons  between the states considered i n  t h i s  
analysis are i l l u s t r a t e d  s c h w t i c a l l y  by l i n e s  i n  
Fig. 2. Lines extending t o  the wa l l s  and back t o  
the 61S0 s ta te  symbolize de-exci tat ion react ions 
occurr ing a t  the wai ls.  

DISCHARGE CMAYBLR W A L L 7  

Figure 2. Schematic of important mass 
flow; and atomic t r a n s i t i m ;  
i n  mercury i on  th rus ters .  

2 
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Primary electrons en ter  the i on  product ion 

region from the cathode o r  csthode chamber plasma 
a t  an energy corresponding t o  the d i f fe rence be- 
tween main discharge plasma poten t ia l  and e i t h e r  
cathode po ten t ia l  or  cathode p l a s m  po ten t i a l  de- 
pending on the design. I n  the l a t t e r  case where a 
cathode chamber i s  used, the cathode plasma i s  as- 
s& t o  be near keeper po ten t i a l .  Provided the 
region defined by the c r i t i c a l  f i e l d  l i n e s  i n  Fig. 1 
l i e s  whol ly w i t h i n  the i o n  production region, the 
e n t i r e  cathode o r  primary e lec t ron  cur ren t  may be 
assumed t o  enter the i o n  production region. It i s  
fu r ther  assumed tha t  a l l  the primary electrons 
equ i l i b ra te  with the l laxwel l ian electrons before 
leaving the i o n  production region. The slowing o r  
thermal izat ion o f  primary electrons cons t i tu tes  one 
d i s t r i bu ted  source o f  Maxwellian electrons. The 
other source* a lso  d i s t r i b u t e d  spa t ia l l y ,  i s  de- 
r i v e d  from the i on i za t i on  being done. As a r e s u l t  
of the  plasma being subs tan t ia l l y  p o s i t i v e  i n  
po ten t i a l  with respect t o  most t h rus te r  surfaces 
except the anode, very few electrons leave the i o n  
production region except by di f fusing acrass the 
v i r t u a l  anode surface. They are then co l l ec ted  
qu ick ly  from a f a i r l y  t h i n  plasma laye r  near t h i s  
surface. Co l lec t ion  over a t h i c  anode segment i s  
suggested by anode mel t ing  patterns and current 
measurements t o  s e w n  ed anodes on Beat t ies '  
cusped f i e l d  thruster.5 Reader7 also found tha t  
anode length d i d  no t  s i g n i f i c a n t l y  a l t e r  performance 
provided the l oca t i on  o f  the  anode-virtual anode 
in te rsec t ion  was no t  al tered, again suggesting the 
loca l i zed  co l l ec t i on  o f  electrons. It i s  assumed 
tha t  a l l  the electrons co l lec ted  by the anode are 
Maxwell i an. 

l i n e s  within the i o n  product ion region. The corre- 
l a t i on  between nagnetlc f i e l d  l i n e s  and l i n e s  o f  
constant Maxwell i a n  e lec t ron  temperature (obtained 
by l i n e a r  i n te rpo la t i on  o f  publ ished data) i s  shown 
i n  Fig. 4 o r  the SERT I1 and Ax ia l  F i e l d  
thrusters.{ This co r re la t i on  i s  important because 

c 

I ,  
AN al AXIAL FIELD 
- 

ODE 

b l  

z 

CONSTAM YAXWELLIAN 
TEMPERATURE (OW 

- 
Plasma Propert ies --- MAGNETIC FELD LINES 

A survey o f  plasma property data f r o m  the d i s -  
charge chamber o f  a nvnber o f  d i f f e r e n t  th rus ter  
conf igurat ions? *4*5*8*9 suggests c e r t a i n  general i- 
zations regarding plasma propert ies.  
i l l u s t r a t e d  by the SERT411 plasma property data o f  
Fig. 3 taken by Peters. Perhaps most s ign i f i can t  
i s  t ha t  Maxwellian e lec t ron  temperature has been 
foundlo t o  be near ly  constant along magnetic f i e l d  

These are 

FIgure 3. Piasma property p r o f i l e s  f o r  
the SERT I 1  Thruster. 

Figure 4. Cor re la t ion  o f  Maxwel1ian 

-ce. 

e lec t ron  temperature contours 
w i t h  magnetic f i e l d  l i nes -  

i t  assures tha t  i .,trans have r e l a t i v e l y  unre- 
s t r i c t e d  motion along f i e l d  l i nes .  
one-dimensional i z a t i o n  o f  the t ransport  equations. 
Also o f  i n t e r e s t  are the observed absence o f  p r i -  
mary electrons outside the i o n  production region 
and the un i fo rmi ty  o f  grimary e lec t ron  energy w i th in  
that  region. 
cates tha t  primary electrons are ahle t o  move outside 
the r e  i on  bounded by the c r i t i c a l  f i e l d  l i n e  
surfaces ?Fig. 1 )  without l os ing  energy t o  c o l l i -  
sions. 
stood oresently. Next, i t  i s  noted tha t  t o  a 
f i r s t  approximation, the primary dnd Maxwe?lian 
e lec t ron  densi ty p r o f i l e s  are near ly the same 
shape. Considering the d i f f i c u l t y  associated w i t h  
obtaining primary e lec t ron  data from probe traces. 
i t  appears j u s t i f i a b l e  t o  as~urne tha t  the r a t i o  o f  
primary-to-Maxwell i an  e lec t ron  dens i t ies  i s  a 
spatia'  constant. This assumption g rea t l y  simpli- .  
f i es  ca lcu la t ions .  F ina l l y ,  i t  i s  observed tha t  
Maxwellian electron density, and therefore t o t a l  
charged p a r t i c l e  density, i s  very low outside the 
ion  production region. This appears to  be a re -  
sult o f  the combined e f f e c t s  o f  i on  accelerat ion 
t o  the ohm ve loc i t y  a t  o r  near the v i r t u a l  anode 

outside the i on  production region. I t  appears to  
be the l a t t e r  process which brings about the 
fcrmer. 

This al lows the 

This i s  s i g n i f i r a n t  because i t  i n d i -  

The de ta i l s  o f  the sca t te r ing  are no t  under- 

surface s and the rap id  c o l l e c t i o n  o f  e lectrons 

Havinij made these general izat ions and 
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acswnptions regarding plasma propert ies and the 
processes ongoing i n  the  thruster,  the cont ro l  
volume o f  the i o n  production reg ion  w i l l  now be 
quan t i t a t i ve l y  analyzed. Uni ts w i l l  be S I  unless 
stated otherwise. 

Mass and Charge Conservation 

I f  e l e c t r i c  f i e l d s  w i t h i n  the i o n  production 
region are  ignored, the d i f f u s i o n  o f  the electrons 
w i th in  tha t  con t ro l  volume i s  given by 

d re = - D - one 

where i s  a vector e lec t ron  f lux ,  and 0 i s  a 
tensor descr ib ing the d i f f u s i v i t y  o f  e lectrons 
which havedensity ne. This equation mav be re -  
duced t o  one-dimensional form. I t was :;Led pre- 
v iously t h a t  e lectrons a o p x  io have r e l a t i v e l y  
unres t r i c ted  mtfm along magnetic f i e l d  l i n e s  and 
tha t  btcause o f  p l a s m  sheath e f f e c t s  there i s  
v i r t u a l l y  no ne t  t r a n s m r t  o f  e lectrons i n  the d i -  
rec t i on  o f  those f i e l d  l i n e s  w i t h i n  the i o n  pro- 
duct ion region exzept a t  the v i r t u a l  anode surface. 
Now l e t  the l oca l  coordinste system r', e. z '  be 
defined such tha t  a t  every l oca t i on  i n  the i o n  
production region the u n i t  vector z '  i s  tangent t o  
the loca l  magnetic f i e l d ,  e i s  the azimuthal u n i t  
vector i n  a p la re  perpendicular t o  the th rus te r  
ax i s  and r' i s  away from the  th rus te r  ax i s  and 
mutual ly perpendicular t o  e and z ' .  
represented i n  Fig. 5. The assumption o f  no net 

This i s  

CHAMBER 

ANODE 
FIELD LINES 

Figure 5. De f in i t i on  o f  loca l  u n i t  
vectors r ' ,  e and z ' .  

e lec.  .on motion along f i e l d  l i n e s  together w i th  
the assumed absence o f  azimuthal gradients due t o  
synmetry,implies tha t  the only d i f f u s i o n  i s  i n  .,le 
r ' direct io i . .  J .  (1) thus becomes f o r  Maxwelliait 
electrons 

f &I - - vLnm ( 2 )  

where the subscr ipt  L s i g n i f i e s  the f a c t  tha t  the 
f l u x  and gradient are i n  the r ' d i r e c t  n, and the 
d i f f u s i v i t y  i n  t h i s  same d i r e c t i v n  DI i s  a scalar.  

The clas: cal  d i f f u s i v i t v  o f  Maxwellian elec- 
tons 01 charge e, mass M and temperature T,, 
a i f f u s i n g  across a magnetic f i e l d  o f  f lux  da: is i ty B 
as a r e s u l t  o f  l l i s i o n ;  which occur w i th  
freauencv v i s  59 

rr'iere k i s  the Boltzmann constant. I t  has been 
found12.13~14, however, that a be t te r  model f o r  
d i f f u s i o n  i n  bombardment i o n  th rus ters  i s  the Born 
mndel qiven by 

Eq. (4) was determined empi r i ca l l y  ra the r  than de- 
r i ved  and fit- most e x p p n e n t a l  data w i t h i n  a 
fac to r  o f  two o r  three. 
calculated from the loca l  magnetic f lux densi ty 
B and the Maxwell i an e lec t ron  temperature averaged 
over the i on  productinn region volume. T;. Using 
t h i s  s ing le  temperature i s  a rb i t ra ry ,  bu t  kcause 
o f  the apprnximate way i n  which Eq. (4)  models the 
e lec t ron  di:fu,,ion and dlSo because o f  the  s i m p l i f i -  
ca t i on  i t  ;;lords, i t  i s  deemed acceptable. 

I t  i h  noted a t  t h i s  p o i n t  t ha t  i f  the  e f f e c t f i e  
c o l l i s i o n  frequency per e lec t ron  J i n  Eq. (3) i s  
taken t o  be one s ix teenth  the e lec t ron  cyc lo t ron  
frequency we where 

It w i l l  be used here a s .  

- e B  
e Me 

w - -  

then Eqs. ( 3 )  and (4) become iden t i ca l .  Use w i l l  
be made o f  t h i s  observation l a t e r .  

The mass con t inu i t y  r e l a t i o n  f o r  the Maxwellian 
electrons requires tha t  

where the r i g h t  hand side of Eq. (6) represents the 
ra te  per u n i t  volume a t  which Maxwellian electrons 
are added to  the populat ion. 
parentheses v i  i s  the r a t e  per Maxwellian e lec t ron  
a t  which electrons are added due t o  the i on i za t i on  
process i n  any region o f  the control  volume. The 
ra te  per Mavwellian e lec t ron  a t  which primary elec- 
trons are thermalized i s  T. 

given by 

The f i r s t  term i n  

The quant i t y  vi i s  

( 7 )  

where the sumation impl ie-  i s  over the number o f  
atomic states whicn are  present i n  the cont ro l  
volume and which -lay be ionized. 
t ha t  6'50,  63P0, 6 P: and 62S4 are the only such 
states and tha t  each g ik -5  up a sing!e Maxwellian 
electron i n  the i cn i za t i on  react ion.  Those re -  
act ions are characterized be the i on i za t i on  r a t e  

factors Pi.(E ) ar,d Q!(T ) f o r  c o l l i s i a n s  w i t h  p r i -  
mjry and Maxwellian electrons, spect ively,  which 

It i s  assumed 

J P  J m  

are given by 

Pi(E j P  ) = ,!(E J P  )& 

and 

Q](Tm) = g(',T,) P](E)  dE. ( 9 )  
0 

The 1 i i z a t i o n  cross sec - ions '(E) used i n  evalu- 

a t i ng  Eq. (8) are .hose o f  Rockwo d16 f o r  grcund 
s ta te  neuiral  atoms and o f  PetersB f o r  ion iza t ions  
invo lv iny  other states.  The func t ion  g(E.T,) :n 
Eq. (9)  i s  the ' laxwell ian energy d i s t r i b u t i o n  
func t G - 9  

J 
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Returning t o  Eq. (7). one notes tha t  n j  i s  the 
number densi ty o f  the atoms o f  s ta te  j whi le  np 
and n,,, are  the  primary e lec t ron  and Haxwellian 
e lec t ron  number densi t ies.  respect ively.  The atom 
dens i t ies  n.  w t l l  be discussed fu r ther  l a t e r .  Since 
the r a t i o  o$ prinlary electrons t o  Maxwellian elec- 
t rons i s  assumed constant the l oca l  value o f  the 
r a t i o  i s  equal t o  the r a t i o  o f  the average 
densi t i e s  . * 

n n  
J = 4  (11) 
"m n 

The as ter isks  denote average over the cont ro l  
volume. 
f r o m  known boundary condi t ions and cross sections. 
Instead a co r re la t i on  o f  experimental data, shown 
i n  Fig. 6 and represented by the equation 

m 

I t  was found unsat isfactory t o  ca l cu la te  n* 

0-15 0-75 -12). (12) "a n* = 2.75 x l O I 5  ( I a  
P 

i s  used t o  ca lcu la te  n*. I n  t h i s  equation I, and 
Va are respect ively the discharge cur ren t  and the 
discharge po ten t ia l ,  both o f  which are  assumed con- 
t r o l  1 ab1 e. 

3.5 XIO'O r 
DIVERGENT FIELD THRUSTER 

0 0 8cm Dio. 
0 IScm Dia. . 0 3 0 c m  Dio. 

/ 

o P 
0 

Figure 6. Average primary electron 
densi ty cor re la t ion .  

Primary electrons are thermalized as they are 
released i n t o  the discharge chamber a t  the r a t e  I 

(Eq. ( 6 ) )  which i s  given by 

whers IC i s  the cathode e lec t ron  currentr  and V 
represents the volume o f  the  ion production region. 
Because the e lec t ron  cur ren t  t o  the anode. Ia. must 
include an e lec t ron  f o r  each i o n  leaving i n  the beam 

one f o r  each e lec t ron  enter-  

IC = 1, - Ig. 

The ne t  f l u x  o f  Haxwellian electrons i n  the 
i on  production region i s  i n  the r '  d i rec t ion .  
This means tha t  the basic equations descr ib ing 
e lec t ron  d i f f u s i o n  (Eqs. 1 and 6) can be combined 
and simp1 i f i e d  i n t o  a one-dimensional expression 
i n  t e n s  o f  the independent var iab le  r'. Unfor- 
tunately the  d i f f e r e n t i a l  equation f o r  e lec t ron  
d i f f u s i o n  i n  th is d i r e c t i o n  i s  very complex because 
o f  the s t ruc tu re  o f  the magnetic f i e l d  surfaces. 
I n  order t o  obtain a t rac tab le  d i f f u s i o n  equation 
and thereby f a c i l i t a t e  ca l cu la t i on  o f  the e lec t ron  
densi ty contour i t  w i l l  be assumed tha t  the 
process o f  d i f f u s i o n  i n  the r' d i r e c t i o n  can be 
described i n  an approximate way by representing 
the complex surface everywhere normal t o  the f i e l d  
l i nes  and having a t o t a l  extent i n  the r '  d i r e c t i o n  
from cen te r l i ne  to  v i r t u a l  anode o f  radius R, as 
a c i r c u l a r  plane normal t o  the ax i s  w i th  rad ius  
a lso  equal t o  R. Then i n  t h i s  plane the so lu t i on  
f o r  the Maxwellian e lec t ron  densi ty n, a t  the 
rad ia l  d istance r / R  w i l l  be taken to  approximate 
the so lu t i on  on the rea l  surface a t  the l oca t i on  
r ' / R .  
and (6) combine t o  g ive  

For the approximating planar region Eqs. (1) 

i n  terms o f  :he reduced coordinate ; : r / R .  This 
equation i s  solved cas i l v  subject t o  the boupdary 
condi t ion nA = nrlc P -  = 5 t o  give 

where Jo rerrrr;rnis the zeroth order B e s x l  
Funztion. 'Then, a l s o ,  t i le so lu t ion  on the rea l  
sur f  e n o r m i  t o  the f i e l d  l i nes  i s  given by 

nr 

Figure ? shows a discharge chamber magnetic f i e l d  
geometry w i t h  orthogmals t o  the magnetic f i e l d  
l i nes  drawn in .  
th rus ter  a x i s  t o  the v i r t u a l  anode a;ong surfaces 
perpendicular t o  maqnetic f i e l d  1 ines as they have 
been estimdted fo r  t h i s  analysis a r e  drawn i . 1  as 
dotted l i nes  i n  the f igure  (Ro a t  ttle b a f f l e  loca- 
t i o n  and R a t  the g r ids ) .  

Typical distances from the 
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Figure 7. Curv i l inear  geometry o f  a 
divergent magnetic f i e l d .  

Eq. (18) approximates the va r ia t i on  o f  Max- 
we l l i an  e lec t ron  densi ty on a surface everywhere 
n o m 1  t o  the  f i e l d  l i n e s  i n  the i o n  production 
region i n  the  absence o f  e l e c t r i c  f i e lds .  Because 
the primary-to-Maxwellian densi ty r a t i o  (n 'hJ i S  
assumed constant, Eq. (18) a lso  describes p/he 
t o t a l  e?ectron dens i ty  p r o f i l e .  By the qcasi- 
n e u t r i i ~ i t y  cond i t ion  f o r  plasmas the t o t a l  i o n  
densi ty must a l so  have t h i s  p r o f i l e .  

w i l l  now be examined. 
f l u x  o f  Maxwellian electrons i n  the  z '  d i rec t ion ,  
densi ty gradients may e x i s t  along magnetic f i e l d  
l i nes  due t o  body forces. 
assumptions and the fac t  t ha t  i on  energies are 
t y p i c a l l y  on ly  one petcent o r  so o f  e lec t ron  en- 
ergies except a t  i o n  Production region boundaries, 
e l e c t r i c  f i e l d s  i n  the z '  d f rec t i on  are ignored. 

of e lec t ron  densi ty along the axes o f  several 
thrusters.  Typ ica l l y  t h i s  densi ty i s  observed t o  
drop o f f  as one proceeds e i t h e r  upstream o r  down- 
stream from the po in t  where z ' / L  = 0.3. The de- 
crease i n  densi ty occurr ing upstream and downstream 
Of  t h i s  po in t  i s  due a t  l eas t  i n  pa r t  t o  the d iver -  
gence of the f i e l d  l i n e s  and the associated change 
i n  the cross sect ional  area o f  the ion  production 
region. 
densi ty product i s  essent ia l l y  constant over a sur- 
face everywhere normal t o  the f i e l d  l i n e s  i n  the 
i on  production region, one might expect the plasma 
densi ty 
dens i ty . 

The long i tud ina l  va r ia t i on  i n  e lec t ron  densi ty 
Even though there i s  no ne t  

Consistent with previous 

The data po in ts  of Figure 8 show the va r ia t i on  

Since the surface area-magnetic f l u x  

vary d i r e c t l y  w i t h  the magnetic f l u x  

Sane cor rec t ion  t o  t h i s  expression i s  needed however 
t o  r e f l e c t  the e f fec ts  o f  fo r  s such as those due 
t o  magneti, ' i e ld  divergence.ff An empir ical  modi- 
f i c a t i o n  t o  the d i r e c t  p r o p - t i o n a l i t y  of  Eq. (19) 
t h a t  seems t o  f a c i l i t a t e  be t te r  matching of the 
experimental data i s  

The s o l i d  l i n e s  shown i n  Figure 8 were obtained 
using Eq. (20) w i th  the reference magnetic f l u x  
densi ty Bo defined as the average value of  f l u x  
densi ty evaluated over the  surface everywhere normal 
t o  the f i e l d  l i n e s  a t  z ' / L  = 0 . 3 .  A t  t h i s  ax ia l  
l oca t i on  the center1 ine  and reference Maxwell i an  
e lec t ron  densi ty ho, takes on i t s  maximum value. 
As the proximately of the sol  i d  1 ines and data 

0' e 0.5 
zi 0 REF. 4 

C 

a 

0 0 .2  0.4 0.6 0.8 I .o 

Figure 8. 
Z'/L 

Relat ive Maxwell i an  e lec t ron  
densi ty as a funct ion of  
normalized th rus ter  length 
measured from the upztream 
end o f  several thrusters 
along the th rus ter  a x i s .  
Lines are p lo t s  of  Eq. (20) 
evaluated w i th  Eo a t  z ' /L=0.3  
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po in ts  i n  Figure 8 suggest, incorporat ion o f  the 
exponential term o f  Eq. UO) y ie lds  a good match 
with experimental data p a r t l c u l a r l y  i n  the  cases of 
the SERT I1 and 30 die. thrusters.  

two-dimensional Maxwell i a n  e lec t ron  densi ty p r o f i l e  
w i th in  the i o n  production region: 

Eq's. (181 and (201 may be cainbined t o  g ive  a 

The evaluat ion o f  the reference densi ty nm leads 
0 

t o  the f i n a l  area o f  considerat ion under the top ic  
o f  conservation o f  mass and charge. For the d i s -  
cussion which fol lows i t  may be he lp fu l  t o  refer 
t o  Fig. 2. 

It i s  apparent f r o m  the quas i -neu l t ra l i t y  re -  
quirement o f  a plasma t h a t  the t o t a l  e lec t ron  
densi ty must equal the i o n  density. That densi ty 
w i l l  be such tha t  the production and loss  rates of  
ions are  equal. To ca l cu la te  the l oss  r a t e  o f  ions 
from the i o n  production region i t  i s  assumed tha t  
s u f f i c i e n t l y  few three body c o l l i s i o n s  (required 
f o r  recombination i n  the cont ro l  volume) occur tha t  
the only i o n  loss  mechanism i s  recombination a t  
the th rus t  r wa l ls  o r  loss t o  the beam. Ions have 
been t o  1 ave the i o n  production region a t  
the Bohm ve loc i t y l8  which i s  given by 

r 1L 

Here q i s  the i on  charge and M i  i s  i t s  mass. 
s ing le  ions q i s  replaced by e. 
loss  r a t e  may be calculated by i n teg ra t i ng  over the 
surface of the i o n  production region, 

For 
The s ing le  i on  

(2) = // n+ ve dA . (23) 
loss  Acv 

For doubly charged ions vB i s  J;' times t h a t  f o r  

s ing le  ions, hence 

( dNw) = $:( %) 1 oss . (24) 
dt loss 

Recal l ing tha t  i o n  densi ty p ro f i l es  are assumed t o  
fo l low e lec t ron  densfty p r o f i l e s  and tha t  the r a t i o  
n / n  i s  taken t o  be constant, Eq. (23) may also be 

P m  
w r i t t e n  

The production r a t e  f o r  s ing le  ions i s  the sum 
o f  tk  production ra tes  from the 615,. 63PG and 63P, 
s ta te  atoms respect ively 

For convenience i n  calculat ions,  i t  i s  found s u f f i -  
c i e n t l y  accurate t o  evaluate t h i s  as 

\ /gain 

where the * denotes volume averaged propert ies.  
Double ions are produced p r imar i l y  from s ing le  atom: 
and t h e i r  production r a t e  i s  given by 

Before evaluat ing n+ and n++, the dens i t ies  o f  
the ground and exci ted s ta te  neutral  atoms must be 
found. For the metastable states, 63P, and 63P,, 
i t  i s  assumed tha t  production occurs so le l y  from 
ground s ta te  neutral  atoms and tha t  loss occurs 
on ly  a t  the  boundaries, as w i t h  ions, because o f  
t h e i r  r e l a t i v e l y  lonq l i f e t imes .  
production and loss o f  the jth exc i ted  s ta te  
(where j = 2  3) i s  described s a t i s f a z t o r i l y  by assum- 
ing  atom s l a t e  dens i t ies  are spa t ia l  constants. 
When these ra tes  are equated one obtains 

Spec i f i ca l l y  the 

The l e f t  side o f  t h i s  equation approximates the  
r a t e  o f  formation o f  j th s ta te  atoms. The f i r s t  
term on the r i g h t  i s  the r a t e  o f  loss  across the 
area o f  the i o n  production region (Acv) dhere v,, 
i s  the thermal ve loc i t y  o f  the atoms given by 

(30) 

The atom temperaturf: T i s  assumed equal t o  the 
th rus ter  wal l  temperdtire which i s  assumed known. 
The second term on the l e f t  of Eq. (29) i s  the ra te  
a t  which jth s ta te  atoms are converted t o  s ing le  
ions and thus l o s t .  

i n i s t i c  set  fo r  the computation of atomic specie 
densi t ies.  It i s  the equation f o r  the conserva- 
t i o n  o f  neutral  ground s ta te  atoms. 
s ta te  atoms enter from the prope l lan t  feed system. 
They are converted t o  the 63P and 6?P,  metastable 
s ta te  atoms and to  s ing le  ion!.. 
stated, i t  i s  assumed tha t  a l l  other sub-ionic ex-  
c i t e d  states decay inmediately leaving atoms i r i  
t h e i r  ground state.  The recombination o f  ions and 
metastable atoms a t  the w a l l s  cons t i tu tes  an addi- 
t i ona l  source of ground s ta te  neutral  atoms. 
Another loss mechanism i s  escape o f  neutral  atoms 
through the g r id< .  Considering these e f fec ts  the 
conservation of  neutral  ground s ta te  atoms may be 
w r i t t e n  as 

One more equation i s  needed t o  form a determ- 

Neutral ground 

As previously 
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The l e f t  s ide  i s  the neutra l  ground s t a t e  aton 
loss  r a t e  i n  which the  first term approx;inatt?s 
c o l l i s i o n a l  exc i ta t ions.  The s tates re fe r red  t o  
by the indsx j as i t  var ies from 1 t o  5 a re  res- 
pec t ive ly  615, neutra l  ground state,  63P0 and 63P2 
metastable states, 62S+ s i n g l e  i o n  and 51S0 double 

i o n  states. The second term on the  l e f t  i s  the 
r a t e  a t  which s ta te  1 atoms leave througii the  gr ids  
which have t o t a l  area A and e f f e c t i v e  open area 
f r a c t i o n  t o  neutra ls  o . t fnce  v i r t u a l l y  none o f  the 
atoms a0 d i r e c t l v  throuah both q r ids  wi thout  
sca t te r ing  o f f  a t  l e a s t  one surface, i t  :r appro- 
p r i a t e  t o  consider the  flow r e s t r i c t i o n s  associated 
wi th t h e  open area f rac t ions  o f  each gr id ,  t s g  fo r  
the  screen and @a f o r  the  accelerator  gr id ,  as 
series resistance2 such t h a t  

(32) 

The r i g h t  side o f  Eq. (31) i s  the r a t e  a t  
which s t a t e  1 atoms are added t o  the cont ro l  volume. 
In/e i s  the propel lant  mass f low expressed i n  equi- 
va lent  amperes d iv ided by the e lec t ron ic  charge. 
The second r i g h t  hand term i s  the r a t e  a t  which ex- 
c i t e d  s t a t e  atoms go t o  the walls, de-ecite, and 
re tu rn  t o  the i o n  production region. 
term i n  Eq. (31) i s  the r a t e  a t  which the two i o n i c  
s t a t e  atoms reach the wal ls ,  recombine, and come 
back as s ta te  1 atoms. 

Now equating the  production and loss ra tes  o f  
s ing le  ions, Fq’s.  (23) and (27) .  and double ions, 
Eq’s. (24) acd (211), and considering a lso  Eq’s. (29 )  
(two equations f o r  two species) and (31); one ob- 
t a i n s  f i v e  equations which are  l i n e a r  i n  and can be 
solved f o r  the f i v e  atomic s ta te  densi t ies.  An 
add i t iona l  equation derived fl-m the quasi-neutral- 
i t y  cond i t ion  enables one t o  so lve f o r  the t o t a l  
e lec t ron  densi ty  as wel l .  

The f i n a l  

* *  
n P + n m = n 4 + 2 n  5 (33) 

Thus i f  the e lec t ron  temperature T, and the primary 
e lec t ron  energy F. are  known, the atomic and ion i c  
specie densitiec, Ray be ca lcu lated ( r e c a l l  t h p t  
the volume-averaged primary e lec t ron  densi ty  np i s  
obtained using Eq. (12) Pnd tha t  the r a t i o  npr/nmx 
i s  assumed equal t o  n;/n,,, so the Maxwellian 
e lec t ron  densi ty  i s  known ;IS w e l l ) .  Obtaining Max- 
well i an  e lec t ron  temperature and primary e lec t ron  
energy w i  11 be discussed next. 

Energy Conservation 

Having neglected e l e c t r i c  f i e l d s  w i t h i n  the 
i o n  productiolr region, the conservation o f  energy 
deals w i t h  accounting f o r  e lec t ron  k i n e t i c  energy 
and i n e l a s t i c  c o l l i s i o n a l  energy t ransfers .  I o n i c  
and atomic k i n e t i c  energies are no t  important ex- 
cept as previously discussed i n  connection w i t h  
loss rates.  

The Jnly energy input  t o  the contro l  volume i s  
the k ,ne t ic  energy c a r r i e d  by the primary e1ectro.s 
which come from the cathode. This energy i s  gained 
as these electrons a r e  accelerated across the 
sheath i n t o  the ion production region. The cathode 
shedth po ten t ia l  i s  the d i f fe rence between the 
plasma poten t ia l  V o  i n  the i on  production reg ion 
and the po ten t ia l  o f  the plasma near the cathode. 
f o r  hol low cathode thrusters  tho cathode plasma i s  
near keepcr po ten t ia l  V k .  Addi t ional ly ,  the e l e r -  

8 

trons i n  the  cathode chamber have a Max l l i a n  
temperature o f  t y p i c a l l y  from 1 t o  3 eVlg before 
they cross the cathode plasma sheath. 
as t h i s  thermal energy, the primary e lec t ron  
energy Ep may then be found from 

Taking kTc 

E = V - Vk + kTc 
P @  

(34) 

and the  energy f low t o  the i o n  production reg ion 
from 

(35) 

where IC i s  the net  cathode emission cur ren t  which 
i s  assumed speci f ied.  

The plasma poten t ia l  V i s  usua l ly  w i t h i n  a 
few v o l t s  o f  anode pote: i t iaf Va. 
be obtained by assuming i t  i s  exact ly  a t  anode 
po ten t ia l  , but some improvement i s  obtained by 
ca lcu la t ing  V p .  
b u t  an approximation can he made by r e c a l l i n g  t h a t  
near ly  a l l  o f  the  electi‘on cur ren t  co l lec ted  by the 
anode comes from a v e r y  t h i n  layer  near the v i r t u a l  
anode surface. Thickness o f  t h a t  l a y e r  i s  about 
equal t o  the  mean free path f o r  c o l ? i s i o n a l  d i f f u -  
s ion  across the  magnetic f i e l d ,  whi 
equal t o  the avwage LarmOr radius.$& Using the 
symbol Tma t o  represent the Maxwellian e lec t ron  
temperature a t  the v i r t u a l  anode t h i s  becomes 

F a i r  r e s u l t s  may 

This i s  d i f f i c u l t  t o  ao exactly, 

i s  about 

(36) 

The plasma potent i i r l  i s  establ ished such t h a t  f o r  
the e lec t ron  densi ty  near the anode - v i r t u a l  
anode in te rsec t ion  nmx 

cross the anode plasma sheath t o  supply the anode 
cur ren t  I . For an electror. c o l l e c t i o n  area Ax 
(aqsumed Pess than the anode area) given by 

only  enough e lect rons can 

(37) 

where da i s  the anode diameter and oa i s  the angle 
the magnetic f i e l d  makes w i t h  the anode surface as 
shown i n  f i g .  9. The equatior, descr ib ing e lec t ron  
c o l l e c t i o n  i s  obtained by in tegra t ing  the d i f fe ren-  
t i a l  f l u x :  

1 -  I 

LAYER &RIDS 
I 

do 
I 
I 
I 
I 

Figure Q. Electron Col lect ion Geomctry 
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This may be solved e x p l i c i t y  f o r  the anode sheath 
po ten t i a l  Vs3: 

L 
Table 1 gives a comparison o f  values o f  Vs so 
computed alar. i t h  values ( V i  - Va) observed i n  
tes ts  f o r  se ., thrusters. Data f o r  the ax ia l  
f i e l d  nd SERr I1 thrusters are from Knaucr. 
e t  al.' The SIT-8 data were taken a t  Colorado 
State University, and he 30 cr,data are from Hughes 
Research Labora tor ies . i l  The agreement i s  seen 
t o  be good. Plasma poten t ia l  V may then be found 
by sumning Vsa w i t h  the known a$ode po ten t ia l  Va 

t o  ca lcu la te  the primary e lec t ron  energy from 
Eq. (34). 

Supplied t o  the i on  production region €in.  at ten- 
t i o n  i s  now given t o  energy losses from t h i s  region. 
The k i n e t i c  energy o f  the primary electrons goes 
e i the r  t o  heating the Maxwellian electrons o r  t o  
i ne las t i c  c o l l i s i o n s  w i th  atoms o r  ions. 
d i f fe rence be tnen  electrons anu atoms preL,udes 
s ign i f i can t  atom o r  i on  heating by the electrons. 

The ine las t i c  c o l l i s i o n a l  energy l o s t  by the 
primary electrons i s  approximately given by 

a 

Having thus found the r a t e  a t  which energy i s  

The mass 

Here the index i denotes the exci ted states con- 
sidered as possible outcomes from the co l l i s i ons ,  
and j ;crr:rs t o  the*state o f  the atoms before t h i  
co l  I i z i m s .  
o f  j t h  s ta te  atoms t6lS0, 63P0, 6 3 P 2 ,  62S+), P I  i s  

lhus n .  i s  the volume averaged densi ty 

the cross sect ion - vel c i t y  roduct ( r a t e  f a  to r )  
f o r  t rans i t i ons  from j t E  t o  i eh  states, and E! i s  
the charac ter is t i c  energy o f  the jr i  t rans i t i on .  
It i s  noteo t h a t  i n  add i t ion  to  the two metastable 
and two ion i c  s ta tes  (i.2 through 5) considered as 
possible products o f  the c o l l i s i o n a l  process, 
yround s ta te  (j .1) neutral  atoms are also assumed 
t o  be ava i lab le  fo r  exc i ta t i on  t o  what dGckwoodl6 
c a l l s  the "lumped state" ( i . 6 )  which i s  a co l l ec t i on  
of a l l  other sub-ionic exc i ted  states v d  f o r  which 
he gives an e f f e c t i v e  cross sect ion func t ion  w i th  
i t s  charac ter is t fc  energy. 

Some o f  the energy t ransferred t o  the Max- 
we l l ian  electrons eventual ly leaves the cont ro l  
volume i n  the form o f  ions o r  as de-exc i ta t ion  
photons r e s u l t i n g  f ron  co1;isions o f  Maxwellian 
electrons w i th  atoms. That energy loss r a t e  i s  

where Q!(Ti) i s  a r a t e  fac to r  for  Maxwellian elec- 

trons and i s  re la ted  to  Pi(E) through Eq. (9) .  
J 

the Maxwellian electrons i n  the i o n  production 
region i s  that c8r r ied  across the boundaries o f  the 
cont ro l  volime. The dominant loss a t  t h  boundary 
i s  the convective ioss a t  the v i r t u a l  anode. I t s  
magnitude can be calculated from 

J 

The only other s ign i f i can t  energy 10s; from 

m m I, 

ia = Ax / 1 I n (v:,+ve+v:.) 
-m-m v . mx 

(4;) 
m i  n 

vr , f (vrJ f (ve)  f(vZ,) dVrrdVe dv 2'  

where vmin the ve loc i t y  reouired t o  overcome the 

sheath po tev t id l  i;;7T-!-d f o r  Vsa 5 0 and zero 

otherwise. Eq. (42 )  reduces t o  

'ieT 
s 

I 
e ma n Ea = 2 ( 2  kT + eV, ? (43)  

Table I 

Comparison o f  Calculated Anode Sheath Potent ia l  
w i t h  Measured Values fo r  Saveral Thrusters 

~ ____ __ ____ ~ _ _ _ ~  __ -- 
Thruster Axial  F ie ld  ___ SERT- I I s I T - 8  30 cm 

Ta (ev) 4.6 5 11.6 2.3 

B ( T I  . 001 9 .0015 .0044 .0018 

ea  (de91 26 75 55 76 

da (4 .15 .1' .092 .296 

I, ( A )  1.03 1.7 0.72 10.0 

nm(m-3x10-*6) 0.8 2.0 2.0 4.3 
~ _ _ _ _ _ _ ~ ~  

vs ( V I  1.69 1.30 5.33 -1.4 
a 

v - va ( V I  1.5 I S  7 -2 QI 

9 
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for an a s s d  i so t rop i c  Haxwellian d i s t r i b u t i o n  o f  
ve loc i t i es  w i th  the temperature o f  the Haxwell i an  
electrons a t  the  v i r t u a l  anode surface T%. 

One surface nther than the v i r t u d l  anode sur- 
face over which s i g n i f i c a n t  b x w l l i a n  electron 
energy i s  l o s t  i s  t ha t  a t  the upstream end o f  the 
i o n  production region where the magnetic f i e l d  
lines in te rsec t  the structure.  
e lectrons i n  the  t a i l  o f  the Haxuell ian d i s t r i b u t i o n  
have su f f i c i en t  energies t o  cross the sheath and 
car ry  t h e i r  ener i es  from the i o n  production region. 
Applying Eq. (42q t o  t h i s  b a f f l e  region by not ing  
that the po ten t i a l  to be overcome i n  t h i s  case i s  
I/, ra ther  than Vsa and tha t  one must in tegra te  for 

Vsa in  Eq. (42) gives the f l u x  densi ty f o r  t h i s  
energy flow. Then f o r  upstream area Ab the encrqy 

There a few o f  the  

l oss - ra te  becomes 

5, = 11 n (kr exp[2) (2kTm+eVg) dA. (441 
mb 21TMe 

This energy loss  r a t e  from the t a i l  o f  the Max- 
we l l i an  d i s t r i b u t i o n  i s  small, t y p i c a l l y  5 t o  15 
percent o f  the energy l oss  r a t e  t o  the v i r t u a l  
anode f o r  the cases studied. E lec t ron  energy 
losses across the downstream end o f  the i o n  pro- 
duct ion region are  even less important because of 
the lower dens i t ies  a t  t h a t  end and the small 
f r ac t i on  o f  the area there which i s  a t  cathode 
po ten t ia l .  The accelerat ing g r i d  po ten t ia l  i s  
assumed t o  r e f l e c t  near ly a l l  e lectrons over most 
o f  the screen g r i d  area. 

Fer steady s ta te  operation the power i n t o  the 
electron populat ion must be balanced by the power 
loss from it; t h a t  i s  

Ein = Sp + Gm + Ea + Eb . (451 

f o r  a given input  power, the temperature o f  the 
Maxwellian electrons w i l l  ad jus t  i t s e l f  t o  s a t i s f y  
t h i s  balance. Before Eq, (45) can be evaluated. 
however, the e lec t ron  temperature p r o f i l e  must be 
found. 

Because the magnetic f i e l d  r e s t r i c t s  s i g n i f i -  
cant e lec t ron  motion i n  the d i r e c t i o n  perpendicular 
t o  the magnetic f i e l d  (r') whi le there i s  no such 
r e s t r i c t i o n  along the f i e ld ,  any gradient i n  tem- 
perature w i l l  be i n  the r '  d i rec t ion .  That t h i s  i s  
the case i s  evident i n  Fig. 4. 
energy t ransport  mechanism across the magnetic 
f i e l d  i s  expected be p r i n c i p a l l y  conduction fo r  
which the acceptedjq expression for conduct iv i t y  i s  

Furthermore, the 

Here we i s  the e lec t ron  cyc lo t ron  frequency given 
by Eq. (51, and Te i s  the e f f e c t i v e  e lec t ron  mo- 
mentum t rans fer  c o l l i s i o n  period. f o r  t h i s  case 
where Bohm d i f f u s i o n  was assumed t o  apply i t  was 
found that t h i s  Deriod was e f fec t i ve l y  16/we.  
Making use o f  t h i s  r e l a t i o n  and Eq. (4) i t  i s  seen 
tha t  f o r  conduct iv i t y  t o  be consistent w i th  d i f f u -  
s i v i t y  Eq. (46) may be rewr i t t en  as 

K, = 4.7 n 0 m E '  (47) 

Using the 5 a m  e f f e c t i v e  e lec t ron  c o l l i s i o n  per iod 
ye make$ the e lec t ron  t h e m 1  conduct iv i t y  p a r a l l e l  
t o  the magnetic f i e l d  approxinately 17 times the  

The k i n e t i c  power t o  and fm the Maxwellian 

value perpendicular t o  the f i e l d  KL . 23 

electrons i n  the i o n  production region c o n s t i t u t e  a 
d i s t r i bu ted  source o f  heat. The ne t  power add i t i on  
per Maxwellian e lec t ron  i n  the i on  production region 
may be def ined as 

I n  the steaCy s t a t ?  t h i s  power must be removed by 
conduction across the f i e l d  l i n e s  as r a p i d l y  as i t  
i s  supplied. 
dimensional teciperature gradients which describes 
t h i s  cond i t ion  i s :  

Tbe conduction equation f o r  one- 

v2 (K,T,) = - i nm . (491 

Note from Eq's. 140) and (41) Chat the energy loss 
r a t e  terms i n  Eq. (48) are l o c a l l y  proport ional  to 
the Maxwellian e lec t ron  densi ty n o r  the primary 
e lec t ron  densi ty which has a simiyar p r o f i l e .  The 
upstream energy loss r a t e  Eb i s  proport ional  t o  n , 
the e lec t ron  densi ty on the upstream surface o f  tke  
th rus ter ,  however, the e f f e c t i v e l y  i n f i n i t e  con- 
d u c t i v i t y  p a r a l l e l  t o  the magnetic f i e l d  suggests 
tha t  t rea t i ng  i t  as a lso  everywhere propor t iona l  t o  
n, w i l l  be acceptable. Now subs t i t u t i ng  Eq. (47) 
i n t o  Eq. (49) and apply ing the same arguments, 
assumptions and l i m i t a t i o n s  considered i n  densi ty 
p r o f i l e  ca lcu la t ions  regarding the cy1 i n d r i c a l  co- 
o rd ina te  system approximation, Eq. (49) may be 
rewr i t t en  as 

Then using Eq. (16) and performing the indicated 
d i f f e r e n t i a t i o n  this becomes 

where 

Eq. (51) i s  no t  amenable to  ana ly t i c  solut ion,  
but f o r  Y r '  < 2.4 gives a numerical so lu t i on  s im i la r  
t o  the parabola 

where T,, i s  the value o f  Maxwellian e lec t ron  tem- 
per tu re  alone the th rus ter  axis. Recal l ing tha t  
the d i f f us ion  coe f f i c i en t  var ies inversely w i th  mag- 
n e t i c  f l u x  densi ty (Eq. 4) and tha t  the magnetic 
f lux density-surface area product i s  essent ia l l y  
constant over surfaces everywhere normal t o  f i e l a  
l i n e s  i n  the ion,produc:ion region one can show tha t  
the parameter r '  D i s  approximately constant along 
f i e l d  l ines .  Eq. 753) thwpfore  s u y ~ e s t s  tha t  e lec- 
t ron  temperature Tm(r')  i s  a lso constant along f i e l d  
l ines ,  i n  general agreement w i th  the resu l t s  given 
i n  Figure 4. 

To pe r fom the enerqy balance of  Eq. (45). the c -  7, 10 
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average temperature 1; ytven by 

and the v l r t u a l  annA~ temperature T 

needed. Uslng these re la t ions .  and the boundary 
cond i t ion  tha t  

= Tm(r '=R)  are ma 

* *  
Ea = n , v w ,  (55) 

the temperature Tmo may be uniquely determined. 
Hence the compl e t  e one- d imens i ona 1 ten pera tu  r e  
p r o f i l e  can be found. 

=us t e r  Perfomiiniiycz 

The equations prtcented to  t h i s  po in t  a re  a l -  
most s u f f i c i e n t  t o  ca lcu la te  the plasma densi ty and 
e l e c t m n  temperature p w f i l e s  from design and 
operational data. These data include the volume 
and the various bounding o f  the i o n  produc- 
t i o n  egion. the func t ion  R/B,(:') which describes 
the magnetic f i e l d  divergence, the values f r , 

and eSg. the funct ions F!(E ) and Q . ( T m  9 , 
keeper and anode po ten t ia ls  vk and V,. cathode 
emission current 1,. propel lant  mass f low ra te  I l l .  
and the th r t i s te r  wall temperature. :a. The rennin- 
ing quant i t y  required for the analysis i s  the beam 
current I . I t  i s  found by in tegra t ing  the Roh 

8 f l u x  densi ty over the open area o f  the screen gr id .  
I f  the screen g r i d  has area AS,, and open area 

f rac t ion  9 t h i s  i s  

ASQ o w  J P  J 

SLI 

vgir') dA . 
where 9 i s  t h r  loca l  Rohm ve loc i t y  ( F a .  271 based 
on the e lec t ron  temperaturr a t  the l o ra t i on  r ' .  

discharye loss 1' 

1 i za t i on  rl can found. The rqirat ~(iii irsrd herc 
fo r  cd lcu la t iny  b'D, 

Once the beam current has been calculated the 
(eV/ion) and the propel lant  u t i -  

neglects keeper power since keeper iurrent 15  sllld11 
and was not calculated nor assumed known. Heatcr 
powers a r t '  a l so  neqlected. U t i l i z a t i o n  i s  t v s i l y  
calculated from 

( 58 ) ,, I i' 
I '11 . 

Since double ions have been considered hew.  the re -  
su l t s  can be compared d i r e c t l y  w i th  experrmrntal 
data. and u t i l i z a t i o n s  may exceed un i t v  5 l i q h t l v .  

f inding. say, the dischdrye current o r  cathode 
emission required L O  sustain a glven set o f  plasma 
propert ies i s  much easier.  
problem a computer code has been w r i t t e n  which con- 
verges t o  the required plasma propert ies using a 
two-step i t e r a t i v e  procedure. F i r s t ,  because the 
equations connected w i th  densi ty p r o f i l e  calcula- 
t i o n  are f a r  less sens i t i ve  t o  temperature er ro rs  
than temperature equations are  t o  densi ty errors, 
Naxwellian e lec t ron  temperature i s  guessed, and a 
consistent bo lu t ion  f o r  the various dens i t ies  I s  
obtained. The energy balance i s  then perfomed 
leading t o  a be t te r  est imate of Tm. The process 
then repeats u n t i l  both sets are simultaneously 
s a t i s f i e d  t o  a spec i f ied  accuracy. Two perct  :t has 
been used successtul ly. requ i r ing  o f ten  only a few 
(12-5) i t e ra t i ons  on the M.t\wcllian temperature. 
By va r j i t i q  I ,  and tht. d i ~ ~ . l i c i t - ~ ~ c  voltage Va about 
n m i n a l  values whilt' ho14in.i the other parameters 
constant. i t  i s  p ; ~ s \ i b l t %  t o  wnera te  performance 
curves !+' vs 11) s im i la r  t o  those measured on 

0 
operatiny thrusters.  

l a ted  and nieasured values, f i g s .  10 and 11 compare 

To solve the former 

As an txample o f  t h r  coliiy)arison between calcu- 

5 t  Yl I I I  /- 

I VALUE 

1 1  
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Petersa4 SERT I 1  measurements with the computed 
p r o f i l e s  o f  nm and T f o r  the same operating 
condit ions. Tab18 I 1  l i s t s  other ca lcu la ted  
values and the corresponding measurements ( i n  

been mad- the agreement seen i n  Table I 1  i s  f a i r l y  
good except f o r  Haxwellian e lec t ron  propert ies i n  
the  30 cm th rus ter  case considered. The poorer 
agreement i n  t h i s  case i s  bel ieved t o  be the r e s u l t  
of the very strony magnetic f i e l d  divergence i n  
tha t  th rus ter  wbich apparently exceeds the appl i ca-  
b i l i t y  o f  the c y l i n d r i c a l  geMet ry  assumption i n  the 
e q u ~ t i o n s  which (model the t ransport  processes. The 
re  var ia t i on  of B i n  t ha t  th rus ter  i s  d lso  substan- 
t i a l .  These variances no t  withstanding, the calcu- 
l a ted  performance curves of Fig. 12 agree we l l  wi th 
the measured ones. 

0 C U C U A 7 I O N  

A 1 1 1 4  

0 3  0 4  0 3  O S  C '  0 6  0 9  I O  0 3  0 4  0 5  0 6  0 7  0 0  O S  IO 
Figure 11. Comparison o f  (a)  calculated UTIIIZ.ll0N. .) 

w i t h  (b) measured Maxwellian 
e lec t ron  temperature f o r  the 
SERT I 1  th rus ter  operating a t  Figure 12. Ccmparison o f  c j l cu la ted  
1.7 A. 32.7 V and .307 A e q  
propel lant  mass f low rate.  f o r  several thrusters.  

performance w i th  measurement 

Table 11 

Comparison o f  Calculated w i th  Observed ( i n  parenthese,) 
Parameter Values f o r  Several Thrusters _____ -_ ___ - __ - .__.___I. 

SEUT- I I 
Thruster SERT- I1  HOD Grids--- Axi&l-Fkle__ 30 cm 

I B  ( A )  .240 (.258) .640 (.654) .267 (.268) 2.1 (2.0) 

Tmo (eV) 7.29 (9) 7.7 (9)  5.77 (7 )  2.0 (2 .5 )  

(eV) 6.4 (6 )  6.7 (7.1) 4.8 (5 )  1.6 (2.5) 

n i  (m-3x10-16) 8.8 (8) 17.3 (23) 8.3 (9) 63 (19) 

12 
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The processes which appear t o  cont ro l  the d i s -  
charge of  a mercury i on  th rus ter  have been re la ted  
t o  plasma propert ies and th rus ter  performance. 
computer code which solves that set o f  equations 
gives resu l t s  that  agree reabonably well wi th  mea- 
surements. Based on the success o f  that  model the 
fo l low ing  conclusions are drawn: 

1. The region of  prime importance t o  ion  th rus ter  
operation i s  the ion  production region. V i r t u a l l y  
a l l  important processes occur w i th in  o r  a t  the 
surfaces o f  tha t  con t ro l  volume. 

2. The i n n e m s t  f i e l d  l i n e  t o  in te rsec t  the anode 
has a surface o f  revo lu t ion  which i s  i n  e f f e c t  a 
v i r t u a l  anode. E l tx t rons  which d i f f use  across t h i s  
surface are co l lec ted  from a layer  approximately 
one average e lec t ron  Larmor radius th ick.  E lec t ion  
c o l l e c t i o n  from that  layer  appears to  govern plasma 
poten t ia l  r e l a t i v e  t o  anode po ten t ia l .  

3 .  K l i c t m n s  d i t fuse  across the rragnetic f i e l d  of  
the :on production region essent ia l l y  according t o  
the Bok d i f f u s i m  mudel. 
v i r t u a l l y  unres t r i c ted  i n  t h e i r  no t i on  along the 
matpetic f i e l d  l ines .  

4 .  The piasma density i n  the ion production region 
i s  detcimiried by equating the production and loss 
rates o f  ions. 
t ron  - atom c o l l i s i o n s  f o r  s ing le  ions and electron- 
ion  c o l l i s i o n s  f o r  double ions. Ions are l o s t  as a 
r t w l t  o f  i i i igrat ion a t  the loca l  Bnhm ve loc i t y  
,jirosz the boundaries ut t h r  inn prodiri t ion region. 
k n s i  t y  profilt-r f o r  charqi'd p a r t i c l e s  are governed 
by c ross - f i e ld  d i f f w i o n  o f  e l w t r o n z  arid b j  the 
d ivergrn ie  d r i r t  force f o r  diver!lent f i e l d  thrusters.  

5. R ~ w e l l i n n  r l e r t r w i  tmper,3tur-r i s  that  requ iwd  
t o  sa t i s f y  a ha<ic  enerqy halance which involves 
k ine t i c  enerqy siroplied hy t h r  primary electrons and 
lost t o  i ne las t i c  c o l l i s i o i i s  and by convectinn 
across the boundaries o f  the coirtr-cl volume. Trans- 
por t  o f  t h i s  enerqy across the mqne t i c  f i e l d  
appears t o  be desir lbed adt'quatcly by a c lass ica l  
conduct i v r  procpss wherein the c f f r c t  i v r  coli i s ion  
frequency i c  nne sixteenth the r l e r t r o r .  cvclotron 
frequenrv. 
mqnet ic  f i e l d  are tloverned hy th i s  conduction 
proct'5s. hxwe11i.iii elrcti-o;i ternperntur-es a1.e 

nearlv constant a l o n a  maonetic f i e l d  l i ne< .  

6. I t  i s  poscible to  ap[ir'oritiiatt~ pla.;:na pro [w- ty  
and perfoimanct~ data usinq only cont ro l lab le  
parameters and th rus tc r  conf iqurat ion data. Per- 
forman;e curves qenerated 11sinc; the inode1 awee 
w i th  measured curves. 

A 

They appear t o  be 

Production i s  F r i n i i p a l l y  by elec- 

Thr temperaturr p i -n f i les  acrns\ the 

Ac h o w l  edgempnt 

The authors arc indcbted t o  I l r s .  A. V. Phelps 
o f  the Jo in t  1ns t i t . l t c  for  Lahor,itory Astrophvsics. 
Boulder, Colorado. and H. H. Kaufman and C. E. 
Mitchc:l o f  ('olorado State t lniver 'si ty f o r  the i r  
helpful  disccrssions and suciqestions. 

1. 

, 
L. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11.  

12. 

13. 

i 4 .  

15.  

16. 

1 7 .  

18. 

13 



97 

19. Wells, A. A.. "Current F low Across a Plasma 
'Double Layer' i n  a Hollow Cathode Ion  
Thruster," AIM Paper b. 72-418, A I M  9 th  
E l e c t r i c  Propul  s Ion  Conference, Bethesda , 
Maryland, A p r i l  17-19, 1972. 

20. Chen. F. F., In t roduc t ion  t o  Plasma Physics, 
Plenum, New York, 1974 , P. 150. 

21. Hughes Research Laboratories, "High Power and 
2.5 klJ Advanced Technology Ion  Thruster," 
Contract NAS 3-19703, Monthly Report No. 2, 
1 Ju ly  1975 t o  1 Aug. 1975, NASA Lewis Re- 
search Center, Cleveland, Ohio. 

22. Book, D. L.. 1978 Revised NRL Plasma Formulary, 
Plasma Physics Division, Naval Research 
Laboratory, Washington D. C., p. 31. 

23. Rawlin, V. K., "Performance Comparison o f  
30 cm Ion  Thrusters w i th  Oished Grids." AIAA 
Paper 73-1053, AIAA 10th E l e c t r i c  Propulsion 
Conference, Lake Tahoe, Nevada, 31 Oct. t o  
2 Nov. 1973. 

14 



98 

SPONSORED BY: 
PRINCETON UNIVERSITY CONFERENCE 
AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS (AIM) 
DEUTSCHE GESELLSCHAFT FUR LUFT-UND RAUMFAHRT (DGCR) 

79-2056 
Studies on an Experimental 
Quartz Tube Hollow Cathode 
0. Siegfried and P. J. Wilbur, 
Colorado State University, Fort 
Collins, Colo. 

PRINCETON/AIAA/DGLR 14th 
INTERNATIONAL ELECTRIC 
PROPULSION CONFERENCE 

Oct. 30-Nov. 1 , 1979/Princeton, N.J. 

For permission to copy or republish. contact the American lnstHurs ol  Aeronaullcs and As!ronautics-l290 Amnue of the Americas. NOW York. N.Y. iwig 



99 

STUDIES ON AN EXPERIMENTAL QUARTZ TUBE HOLLOW CATHODE* 

Daniel E. S ieg f r ied  and Paul J .  Wilbur 
Colorado State Un ivers i ty  

Fort  Coll ins, Colorado 

Abstract 

An experimental inves t iga t ion  i s  described i n  
which a special quartz tube, hollow cathode was 
operated it'! a t e s t  f i x t u r e  which allowed the simul- 
taneous measurement o f  in te rna l  cathode pressure, 
i nse r t  temperature pro f i les ,  and the emission cur- 
rents f r o m  various cathode components as a funct ion 
o f  discharge current and propel lant  (mercury) mass 
f low r a t e  f o r  a number o f  d i f f e r e n t  cathode o r i f i c e  
diameters. The experimental set  up included the 
capab i l i t y  o f  rapid, i n  vacuo va r ia t i on  o f  the i n -  
ternal  cat  *ode pressure and the o r i f i c e  diameter. 
These capaoil  i t i e s  were considered necessary t o  
el iminate i n s e r t  surface cond i t ion  changes which 
could occur w i th  time o r  exposure t o  a i r .  
su l t s  include an empir ical co r re la t i on  o f  the in -  
ternal  pressure, mass f low rate, and o r i f i c e  
diameter w i th  the cathode emission current; as wel l  
as, the e f fec ts  o f  each o f  these parameters on the 
i nse r t  temperature p r o f i l e  and the emission current 
d i s t r i bu t i on .  The resu l t s  show tha t  the i nse r t  tem- 
perature p r o f i l e  i s  essent ia l l y  independent o f  
o r i f i c e  diameter but depends strongly on in te rna l  
cathode pressure and emission current.  
tha t  fo r  normal cathode operation % 87% o f  the emis- 
sion current i s  from the i nse r t  whi le only % 10% 
canes from the o r i f i c e  plate. By using a special 
segmented inser t ,  the emission region o f  the i n s e r t  
i s  shown t o  be loca l i zed  on the l a s t  few mi l l imeters  
a t  the downstream end o f  the i nse r t .  The product 
o f  in te rna l  cathode pressure and inse r t  diameter i s  
shown t o  be important i n  determining the emission 
loca t ion  and the minimum keeper voltage. The simul- 
taneous measurement o f  l oca l  i nse r t  temperature and 
emission current al low the ca lcu la t ion  o f  the 
average e f fec t i ve  work funct ion f o r  various segments 
o f  the inser t .  
ind ica t ing  tha t  f i e l  d-enhanced , thermionic emission 
i s  the most probable candidate f o r  the emission 
mechanism f o r  t h i s  type o f  hol low cathode. The 
resu l t s  are discussed as they apply t o  the design 
o f  hollow cathodes f o r  thrusters. 

The re- 

It i s  shown 

The resu l t s  support e a r l i e r  work 

Introduct ion 

The o r i f i c e d  mercury hollow cathodes used i n  
electron bombardment thrusters are c r i t i c a l  compo- 
nents i n  the th rus ter  design f r o m  both a l i f e t i m e  
and a performance viewpoint. One long term goal o f  
hollow cathode research, both by the present authors 
and other researchers i n  the f i e l d ,  has been the 
thorough understanding o f  the physical phenomena in -  
volved i n  hollow cathode operation leading ul t imate- 
l y  t o  the development o f  an ana ly t i ca l  model t o  pre- 
d i c t  cathode performance. This goal has proven 
elusive. A number o f  models o f  various kinds o f  
hollow cathodes have been proposed. 
have shed l i g h t  on various aspects of cathode 
physics but have not proved wholly sa t is fac to ry ,  o r  
capable o f  providing a f u l l y  sel f -consistent ex- 
planatiop o f  cathode operation. Fer re i ra  and 
Delcroix recent ly  proposed a theore t ica l  mode! f o r  

* Work performed under NASA Grant NGR-06-002-112. 

These models 

tubular (non-or i f iced) hollow cathodes which corre- 
l a tes  wel l  w i th  experimental data bu t  requires the  
knowledge o f  the emi t t ing  surface temperature pro- 
f i l e  as input. Using t h i s  p r o f i l e  as input  i s  
general ly unsatisfactory, however, both because the 
p r o f i l e  i s  usua l ly  not known and because the resu l t s  
a re  e x t r  e l y  sensi t 've to  these t peratures. 

sented models which correlated various aspects o f  
cathode operation w i th  experimental data and led t o  
a be t te r  understanding o f  ce r ta in  hol low cathode 
phenomena. This i s  a l l  t o  suggest t h a t  the search 
f o r  physical understanding and ana ly t i ca l  r i g o r  
continues; and that,  both the prac t ica l  matter o f  
designing hol low cathodes f o r  th rus ters  and the u l -  
t imate goal o f  developing a f u l l y  sel f -consistent 
model t o  p red ic t  cathode performance are dependent 
on gaining addi t ional  experimental evidence about 
hol low cathode operation. 

termine precisely where the m i s s i o n  takes place 
i n  the hol low cathode and what operating parameters 
are important i n  determining hollow cathode oper- 
a t  ing  c harac t e r i  s t i cs  . 
t i o n  r e l i e s  heavi ly on the use o f  a special quartz 
tube, hollow cathode mounted i n  a t e s t  f i x t u r e  
which al lows the simultaneous measurement o f  i n -  
te rna l  pressure, inser t  tmpera ture  pro f i les ,  and 
the emission currents from various cathode components 
as a func t ion  o f  discharge current and propel lant  
mass f low r a t e  f o r  a number o f  d i f f e r e n t  cathode 
o r i f i c e  diameters. The resu l ts  o f  these measure- 
ments w i l l  be presented and discussed as they per- 
t a i n  t o  an understanding o f  the basic cathode 
phenomena and t o  the design of hollow cathodes f o r  
thrusters.  

Bessl ing? Krishnan.' and Siegfr ied T have a l l  pre- 

The ob jec t ive  of t h i s  study has been t o  de- 

This experimental invest iga- 

h a r a t u s  and Procedure 

Cathode 

I n  order to  i so la te  the inser t  e l e c t r i c a l l y  
and t o  provide f o r  d i r e c t  v isual  observation of the 
i nse r t ,  a special cathode was constructed using a 
quartz body tube i n  the manner suggested by Fig. 1. 

Fig. 1 Hollow cathode tes t  conf igurat ion.  

Cnp)riphl'c'4mrriran Instilute 01 4ernnaulic\ and 
4strnnoulirs. Inr.. 1979. Al l  righls rewrwd. 



The cathode consisted of a quartz tube 6.3 nun OD x 
4.0 mn ID covered on the downstream end with an  
orlfice place. The end of the quartz tube and the 
back of the orifice plate were both ground f l a t e  to 
fac i l i t a te  a good seal between them. The plate was 
held tight against the tube by a tensioning device 
which also acted as the keeper electrode. This 
electrode had an orifice diameter of 3.6 mn and was 
separated from the orifice plate by a 2.5 mn thick 
quartz spacer as shown i n  Fig. 1. Although pre- 
liminary testing was conducted using the orifice 
plate shown in the figure, most of the data pre- 
sented i n  :his paper were collected using the 
orifice plate/valve assembly shown in Fig. 2. 

SLIDE VALVE WITH THREE 
ORIFICE DIAMETERS (0.51, 0.79. LOmm) 

1.61 mm ORIFICE 

HOLMR FOR 
KEEPER -SPACER 

,LEAF SPRING (TYP) 

Fig. 2 View of downstream side of orifice 
pl  ate/val ve assembly. 

This assembly consisted of a tantalum body ground 
f l a t  on both sides having an orifice diameter of 
1.6 mn drilled through i t  together with a sliding 
orifice plate. This tantalum orifice sl ide,  also 
ground smooth and f l a t ,  had three orifices with 
diameters of 0.51, 0.79, and 1 .O mn drilled through 
i t .  A pair of leaf springs held the sl ide i n  con- 
tact with the downstream side of the body. 
moving the sl ide to match different sl ide orifices 
with the body hole, one could change the cathode 
orifice diameter quickly without the necessity of 
opening the bell j a r  and exposing the insert to the 
atmosphere. During cathode operation the or i f ice  
dimeter was changed incrementally by turning off 
the discharge and moving the slide to change from 
one diameter orifice to another. 
sible, by moving the slide t h r o u g h  a short distance, 
to  change the orifice area continuously without 
having t o  shut off the discharge. 
this la t te r  mode of operation was preferred. 

a wire heater wrapped in a serpentine paitern, which 
was in turn covered on bo th  i t s  interior and ex 
terior surfaces by a tantalum foil radiation shi , 'd .  
The heater covered - 75% o f  the perimeter of the 
quartz t u b i n g  allowing a longitudinal gap along one 
side of ?he cathcde through which the insert could 
be viewed. 
was constructed of 0;025 mn tan ta lum foil Coated 
with chemical R-500. I t  was placed in the quar tz  
body in such a way t h a t  i t  presented a single layer 
thickness in the viewing direction. 

By 

I t  was also pos- 

For some tests 

The quartz tube was covered on the outcide by 

The insert, which was 3.9 mindiameter, 

I t s  

* J .  R. Baker Chemical Co. ,  Phillipsburg, 
New Jersey. 

construction will be discussed in greater detail 
later.  The cathode assembly was mounted in the 
su port structure shown i n  F ig .  1. The anode was a 

perforated metal sheet. The stainless steel support 
structure shown in Fig.  1 included a plenum chamber 
w i t h  removable covers on both the top and the up- 
stream end. The inside o f  the chamber was f i t t ed  
w i t h  a wire heater to prevent mercury condensation. 
The top cover was fi t ted w i t h  five electrical 
feedthroughs which could be used to make electrical 
connections to the inside of the cathode such as 
the one to the insert shown i n  Fig. 1. The rear 
plate contained a tapered hole which was used as  a 
thrott le valve seat and anather straight hole which 
accepted the pressure tap of a U-tube manometer. 
The needle of the thrott le valve was made of a piece 
of tapered quartz tubing which could be moved 
axially to vent a portion of the mercury propellant 
into the bell jar .  This allowed rapid adjustment of 
the pressure in the plenum chamber without requiring 
an adjustment of the mercury vaporizer heater. 

Host of the cathode current data in this paper 
will be presented as total emission current, IE, 
which is the sum of the keeper current, IK, and the 
anode current, ID. I t  was found that, for a given 
emission current the keeper current, I K  had a neg- 
l igible effect on the insert temperatures and the 
internal pressure (over the range of interest for 
thruster application). 
current was therefore held constant a t  0.3 A. 
bell jar pressure was in t h e  to to r r  
range for the tests.  

cy r inder 6 an i n  diameter and 8 ,an long, made from 

For a l l  tests the keeper 
The 

Insert Construction 

Earlier testing showed t h a t  insert temperatures 
were very dependent on operating history and ex- 
posure to the atmosphere. This was found to be 
particularly important with a single layer, foil i n -  
se r t  which did not contain a significant amount of 
R-500 to be released once the original surface was 
depleted or contaiminated. Since the surfaro wrk 
function of the insert i s  c r i t i ca l ly  importd,,: -. ,  

detennining insert temperatures as well as keeper 
and discharge voltages, considerable care was taken 
in the fabrication and conditioning of the inserts. 
Inserts were constructed o f  0.025 mn tantalum foil 
15 mn long and 2-1-75 times the perimeter of the 
3.9 mn diameter mandrel around which they were 
wrapped. The f l a t  foil was f i r s t  cleaned w i t h  
chlorothene and then with acetone. The three 
quarter turn section which would be two layers thick 
in the final insert was coated with R-500. This was 
done t o  provide a reservoir of R-500 thereby extend- 
ing the useful lifetime of the insert. The foil was 
then wrapped around the mandrel and both free edges 
were spot welded. The inside diameter of the insert 
and the upstream side of the orifice plate were 
then coated with R-500. The insert was assemblied 
in the cathode with the one quater circumference 
section, which was a single layer thick, positioned 
where i t  could be viewed directly. The downstream 
edge o f  the insert was positioned % 0.5 mn from the 
orifice plate. The insert was conditioned by allow- 
ing the cathode assembly t o  warm u p  overnite with 
the cathode tube heater operating a t  
the mounting structure heaters a t  operating tempera- 
ture. The cathode was started and allowed to  oper- 
ate a t  2 t o  3 A emission current until the insert 
temperatures had stabilized. 
hours of operation. On init ial  startup i t  was found 

85OOC and 

This required 4 to 5 

2 
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that  the i n s e r t  would operate co ld  (no v i s i b l e  rad i -  
a t ion)  o r  would have a small hot  region along o r  
near the downstream edge. During the break i n  per i -  
od the temperature p r o f i l e  would change to  what was 
considered the normal operating cond i t ion  f o r  t h i s  
insert ,  a cond i t ion  tha t  w i l l  be shown l a t e r  i n  the 
resu l ts .  Between operating periods the cathode was 
maintained i n  a vacuum environment w i th  the mechan- 
i c a l  pump. I f  the b e l l  j a r  was opened i t  was kept 
open f o r  as short  a period as possible. A f te r  the 
i n i t i a l  break in,  the cathode warmup time was a few 
hours and the cathode was general ly allowed t o  run 
for an add i t iona l  couple o f  hours before data were 
col lected. 
insure tha t  i nse r t  temperatures a t  a given operating 
condi t ion could be reproduced t o  w i th in  f 25OC 
during d i f f e r e n t  runs and w i th in  2 10°C o r  less 
during a s ing le  run. 

These precautions were s u f f i c i e n t  t o  

Segmented Ins= 

A special,  segmented inse r t  was constructed i n  
order to  determine more precisely where the emission 
takes place on the i nse r t  and to  co r re la te  t h i s  w i t h  
the i nse r t  surface temperature a t  t ha t  locat ion.  An 
inse r t  was f i r s t  constructed i n  the manner described 
previously. and then i t  was cu t  i n t o  four 2 mn long 
sections and one 7 mn long section. Each s t i o n  
was connected w i th  a lead wire t o  a separate feed- 
through on the top cover o f  the cathode mounting 
structure. A sketch o f  t h i s  segmented inse r t  i s  
shown i n  Fig. 3. The segments were separated by 
?r 0.3 mn, and the emission current f o r  each segment 
was monitored separately. The condi t ioning proce- 
dure and precautions mentioned above i n  regard t o  
the continuous inse r t  were also fol lowed w i th  t h i s  
segmented one. 

ORIFICE PLATE 

LEADS TO 
FEED - 

USH 

*1,2,3,4 - 2mm LONG 
+5- f m m  LONG 

SEGMENTED INSERT { 
I SEGMENT DIA.-3.9mm 

“QUARTZ BUSHING WITH SL:T FOR LEADS 

Fig. 3 Detai l  o f  segmented inser t .  

__ Pressure Measurements 

The stagnation pressure i n  the plenum chamber 
supporting the quartz cathode was sensed by a U-tube 
manometer (Fig. 1) f i l l e d  w i th  Dow Corning 705 d i f -  
fusion pump f l u i d .  This f l u i d  has a vapor point  a t  
0.5 t o r r  o f  245°C compared to  108°C f o r  mercury. 
The heater on the high pressure s ide o f  the mano- 
meter maintained tha t  column a t  a temperature which 
prevented mercury condensation without causing the 
d i f f u s i o n  pump f l u i d  t o  b o i l .  The manometer was 
contained completely w i th in  the b e l l  j a r  and thus 
provided d i r e c t  measurement of the pressure d i f -  
ference between the b e l l  j a r  bnd tbe plenum chamber. 
The manometer had a pressure range o f  24 cm o f  f l u i d  
which was equivalent t o  18.2 t o r r .  

The f l u i d  leve ls  i n  the manometer could eas i l y  
be read t o  w i th in  f .5 mn, which f o r  the low spec i f i c  
g rav i t y  ind ica t ing  f ? u i d  was equivalent t o  0.038 
t o r r .  Because o f  t h i s  the prec is ion  o f  the pressure 
data i s  considered t o  be very good. However, the 
heater on the high pressure column of the manometer 
causes tha t  column t o  be a t  a higher teaperature 
than the low pressure column. This s i g n i f i c a n t l y  
a f fec ts  the f l u i d  densi ty o f  the h igh  pressure 
column. The resu l t s  presented i n  t h i s  report  are cor-  
rected f o r  t h i s  e f fec t .  The uncertainty associated 
w i th  t h i s  cor rec t ion  i s  estimated t o  be 0.25 t o r r  
although er ro rs  as high as 1 t a r r  are considered 
possib;e. 
occurs a t  low pressures when the two column heights 
are near ly equal resu l t i ng  i n  #hat could be sub- 
s tan t i a l  r e l a t i v e  e r ro r  a t  the;e pressures. 

Unfortunately the greatest  absolute e r m r  

Th ro t t l e  Valve 

I n  order to  determine whether the t h r o t t l e  
valve could be used t c  ad jus t  the in te rna l  pressure 
and. therefore, the f low r a t e  through the cathode 
o r i f i c e  rap id l y  and without adverse experimental 
e f fec ts  , the f o l  1 owing experiment was conducted. 
The cathode Wac operated a t  a constant m i s s i o n  c i r -  
ren t  f o r  four  d i f f e r e n t  f low rates i n t o  the plenum 
chamber. In each case the in te rna l  cathode pressure 
was maintained a t  a constant value by adjust ing the 
t h r o t t l e  valve. This tes t  was performed on three 
occasions and included operation w i th  two d i f f e r e n t  
o r i f i c e  diameters and operation a t  two d i f f e r e n t  
emission currents. I n  a l l  cases. i t  was found that, 
f o r  a constant emission current and co ls tan t  i n -  
ternal  pressure, the i nse r t  temperatures remained 
essent ia l l y  constant regardless o f  the f low r a t e  
i n t o  the plenum chamber. The t o t a l  mass f low i n t o  
the plenum chamber does a f f e c t  the b e l l  j a r  pressure 
however and, as expected, changes i n  t o t a l  f low r a t e  
were found t o  have a small e f f e c t  on the discharge 
and the keeper voltages. 

Tempera t u  re-Mzcsu,.-qE 

t h i s  paper, inser t  surface temperatures were meas- 
ured using a micro-opt ical  pyrometer. This method 
o f  temperature measurement i s  inf luenced by both 
the emiss iv i ty  o f  the rad ia t i ng  surface and the 
t ransmiss iv i ty  o f  the quartz tube and glass b e l l  
j a r .  These e f fec ts  were accounted f o r  by c a l i -  
b ra t ing  the pyrometer against a platinum/platinum- 
rhodium thermocouple. The c a l i b r a t i o n  was car r ied  
ou t  f o r  a sample o f  the tantalum f o i l  used i n  making 
the inser ts .  The mater ia l  sample was spot welded 
t o  a section of swaged heater wire and the thermo- 
couple was attached t o  the surface o f  the sample. 
This sample/heater assembly was then inserted i n t o  
a quartz tube and the whole apparatus was placed i n  
the b e l l  j a r .  The surface temperature o f  the sample 
was then measured a t  various heater powers using 
both the thermocouple and the micro-opt ical  pyro- 
meter. A l l  o f  the resu l t s  contained i n  t h i s  report  
were corrected based on the ca l i b ra t i on  curves re -  
su l t i ng  from these tests.  

. Exerimental  - - - _ ~  Procedure 

Tne purposes o f  the experiments which w i l l  be 
reported i n  t h i s  paper were t o  determine the e f fec ts  
of in te rna l  pressure, o r i f i c e  diameter, and emission 
current on the temperature and emission d i s t r i b u t i o n  

I n  a l l  of  the t e s t s  which w i l l  be described i n  
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o f  the i nse r t .  This was done by operating the 
cathode over a range o f  emission currents wh i le  
using the t h r o t t l e  valve t o  adjust the i n te rna l  
pressure and the o r i f i c e  p l a t e  s l i d e  t o  se t  the 
o r i f i c e  dtameter. The d e t a i l s  o f  the ind iv idual  
experiments w i l l  be discussed i n  the next sect ion 
along w!th the  resu l ts  which were obtained. 

Results 

Pressure - Mass Flow Rate 

?he stagnation pressure i n  the plenum chamber 
imned!arely upstream o f  the cathode was measured 
w i t h  the manonetcr f o r  emission currents o f  0, 0.3. 
0.5, 0.7, i.3. 2.?, and 3 . 3  amps, o r i f i c e  diameters 
o f  0.51. 0.79. and 1.00 mn. and f o r  mass f low rates 
ranging from 90 t o  450 mA. The t h r o t t l e  valve was 
closed during these tests. Fig. 4 snows the pres- 
s w e  i n  t o r r  p lo t ted  as a f i n c t i o n  o f  mass flow, i, 
divided by the o r i f i c e  diameter squared, d2 i n  
mA/m2 as determined i n  these tests .  The %ta f o r  
the case where there i s  no discbarge present fol lows 
c losely  a s ing le  curve f o r  a l l  threeor i f icediameters.  

I e- 
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Fig. 4 In ternal  presjure cor re la t ion  
o f  mercury hollow cathode. 

The f a c t  t h a t  the data f o r  t h i s  no discharge case i s  
not l i n e a r  w i th  respect t o  f low r a t e  i s  not sur- 
p r is ing  since pressures i n  the range f r o m  0.5 t o r r  
t o  18 t o r r  correspond to  f l o w  condit ions i n  the 
regime f o r  t r a n s i t i o n  from f ree  molecular t o  con- 
tinuum flow for a l l  three o f  t b  o r i f i c e  diameters. 
However, the curve can be characterized by two 
slopes: one a t  the o r i g i n  and one f o r  the s t ra igh t  
portior: o f  the curve a t  higher f low rates. The data 
f o r  the cases where there i s  an emission current  are 
f i t t e d  w i  'C s t ra igh t  1 ines through the or ig in .  These 
s t ra igg t  ! ines f i t  the data sets reasonably well  ex- 
cept f o r  the data a t  higher pressures p a r t i c u l a r l y  
f o r  the smallest o r i f i c e  diameter o f  0.51 mn, which 
shows considerable scatter. Fig. 5 p lo t s  the slope 
of the s t ra igh t  l i nes  i n  Fig. 4 as a function o f  
Lwission current. For the no discharge condi t ion 
Fig. 5 shows both the slope a t  the or ig in ,  0.014 
t o r r  mnZ/mA, and tha t  for the s t ra igh t  section, 
0.008 t o r r  nm2/mA. Although i t  i s  a purely em- 
p i r i c a l  presentation o f  the data, Fig. 5 should 

* 

n 

a 
E 
E 
E 

E 

\ 
tu 

L 

c 
Y 

I 

N O  
U 
\ 

n 

*E 
Y 

2 1  
""'b 

1 1 1 

O h  I 2 3 4 
EMISSION CURRENT (A)  

Fig. 5 E f fec t  o f  emission current  on 
pressure cor re la t ion  coeff icient. 

provide su f f i c ien t  information t o  y i e l d  a reason- 
able estimate o f  the stagnation pressure upstream 
of the i r lser t  i n  a mercury hollow cathode over a 
wide range o f  emission current, f low rate, and or -  
i f i c e  diameter condit ions. I t  i s  noteworthy tha t  
both the theoryof  f ree  molecular f low and the theory 
o f  continuum, choked f low p r e d i '  tha t  the pressure- 
mass f low r e l a t i o n  takes the functional form 

where T i s  the gas stagnation temperature a t  the 
o r i f i c e  acd m i s  the atomic weight o f  the gas. This 
simply represents a s t ra igh t  1 ine through the o r i g i n  
of slope Cm where C i s  a constant o f  proport ion- 
a l i t y  which i s  d i f f e r e n t  f o r  the two cases ( f r e e  
molecular and continuum). The gas temperature f o r  
the no discharge case was estimated on the basis o f  
the plenum and cathode wall  temperaLes  t o  be 
% 425°C. However, i n  the presence o f  the i n te rna l  
discharge the sing1 e temperature cannot adequately 
describe the k ine t ic  energy o f  the multi-component 
gas. 
tha t  the stagnation pressure decreases and the stag- 
nat ion temperature increases as one approaches the  
o r i f i c e  because o f  the heating e f f e c t  o f  the d is-  
charge. Presumably I t  i s  because o f  these e f fec ts  
tha t  the r a t i o  (Pdb/m) increases w i th  enission 
current. 

i n  a l l  o f  the tests  t o b e a v e r y  important parameter 
i n  determining cathode operating condit ions. 
believed tha t  the o r i f i c e  diameter and the mass f low 
r a t e  are important i n  determining in ternal  cathode 
processes pr imar i l y  t o  the extent t ha t  they de- 
termine the in ternal  pressure. For t h i s  reason, a l l  
o f  the data presented i n  t h i s  paper w i l l  use the 
pressure a s  a parameter ra ther  than mass f low rate.  
Mass f low r a t e  through the cathode o r i f i c e  a t  a 
given condi t ion can, however, be eas i l y  estimated 
from the resu l ts  shown i n  Fig. 5. 

The s i t u a t i o n  i s  also complicated by the f a c t  

The in te rna l  cathode pressure has been found 

It i s  

Inser t  Temperature P r o f i l e s  

The e f f e c t  o f  changes i n  o r i f i c e  area on i n s e r t  
temperatures was investigated by operating the 
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cathode a t  a constant emission current o f  3.3 A and 
a constant i n te rna l  pressure o f  3.3 t o r r  whi le  vary- 
ing the o r i f i c e  area. This was done by establ ish- 
ing the abcve pressure and dischar e condit lons 
using the 1.0 mn diameter o r i f i c e  Sn. 0.79 mn2) and 
recording i t i se r t  temperatures. The o r i f i c e  s l i d e  
was then moved t o  close the  o r i f i c e  p a r t i b l l y  t o  
what was estimated on the basis o f  the pressure in -  
crease t o  be an area o f  ?r 0.40 mn'. The t h r o t t l e  
valve was then opened t o  maintain the pressure a t  
3.3 t o r r  and the i nse r t  
corded. This procedure 
area o f  % 0.21 mn?. The 
w e  shown i n  Fig. 6. Both the magnitudes o f  the in- 
se r t  temperatures and the inser t  temperature p r o f i l e  
are seen to  be r e l a t i v e l y  insensi t ive t o  the almost 
four- fo ld  change i n  o r i f i c e  area as long as the 
emission current  and pressure are held constant. 
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Fig. 6 E f fec t  o f  o r i f i c e  area on inser t  
temperature p r o f i l e .  

This experiment was also conducted f o r  emission 
currents o f  2.3 and 4.3 A on two d i f f e r e n t  occasions. 
I n  each o f  these tes ts  there was a s l i g h t  tendency 
f o r  the i nse r t  temperature t o  increase as the or-  
i f i c e  area was decreased. However, i n  a l l  o f  these 
tests  the resu l ts  were s imi la r  t o  those shown i n  
Fig. 4. The maximum increase i n  i n s e r t  temperature 
observed during the tests  was 2, 35"C, although i n  
most instances i t  was considerably less than th i s .  
It was in te res t ing  t o  note during the te:ts t h a t .  
although redurt ions i n  o r i f i c e  diameter a t  constant 
i n te rna l  yessure  d i d  not cause a substantial i n -  
crease i n  i n s e r t  temperature, they d i d  r e s u l t  i n  a 
substantial increase i n  o r i f i c e  p l a t e  temperature. 

ternal pressure. The cathode was operated a t  a 
constant emission current o f  3.3 A w i th  the 0.79 mn 
o r i f i c e  whi le  the i n te rna l  pressure was varied from 
0.90 t o r r  t o  12.7 t o r r .  The pressure was adjusted 
using the t h r o t t l e  valve. Fig. 7 shows t h a t  the 
in ternal  pressure changes cause s i g n i f i c a n t  change 
i n  the inser t  temperatures. 
mum inser t  temperature decreased by % 125°C as the 
pressure was increased from 0.9 t o r r  t o  12.7 t o r r .  

F ina l l y ,  the e f f e c t  o f  emission current  on the 
inser t  temperature p r o f i l e  was determined by oper- 
a t ing  the cathode w i th  the 0.79 mn o r i f i c e  a t  a 
constant prersure o f  6.3 t o r r  whi le  varying the 
emission current  from 1.3 t o  4.3 A. As shown i n  

The next parameter t o  be varied was the in-  

For example, the maxi- 
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Fig. 7 E f fec t  o f  in ternal  cathode pressure 
on inser t  temperature p ro f i l e .  
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Fig. 8 E f f e c t  o f  t o ta l  emission current  
on i nse r t  temperature prof  i 1 e. 

Fig. 8. the temperature prof i les  r e r a i n  s imi la r  as 
the emission current i s  increased whi le  the maximum 
temperature increases from 720°C a t  1.3 A t o  1000°C 
a t  4.3 A. 

Emission !=rent Oistr ibutio! 

Inser t  and o r i f i c e  p la te  emission currents were 
measured separately i n  a l l  o f  the tests  described 
above. I t  was found tha t  the inser t  :ontributed 
approximately 85' o f  the t o t a l  emission current  
whi le  the o r i f i c e  p la te  contr ibuted L 104. The re- 
mainder o f  the current  can presumirbly be accounted 
f o r  as i on  c u r r e i t  t o  the in ternal  surfaces of the 
cathode m o V i q ? i y  . trrrcture and t o  other surfaces a t  
qround potent ia l  i n  t h ?  f a c i l i t y .  The r e l a t i v e  
f ract ions o f  the current  from the inser t .  o r i f i c e  
plate, and s t ructure for a given operating condi t ion 
were found t o  he constant and very repeatable. There 
were, however, d e f i n i t e  trends i n  the percentage o f  
i n s e r t  and o r i f i c e  p la te  emission current which 
could be i d e n t i f i e d  w i th  changes i n  discharge cur- 
rent, pressure, and o r i f i c e  diameter. Over the wide 
range o f  these parameters, the f rac t ion  o f  emission 
current  from the o r i f i c e  p la te  ranged from 3 t o  12% 
and the f rac t ion  o f  the emission current coming 
fror: the i nse r t  ranqed from 80 t o  90%. 
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The importance of the inser t  i n  the emission 

process was a lso demonstrated through a t e s t  i n  
which the i n s e r t  was iso la ted by disconnecting i t  
f r o m  the c i r c u i t  during cathode operation. This 
caused an imnediate ex t inc t ion  o f  the discharge. 
However, disconnecting the o r i f i c e  p l a t e  from the 
c i r c u i t  showed l i t t l e  e f f e c t  on the discharge out- 
side o f  a s l i g h t  ( less than one v o l t )  increase i n  
discharge voltage. When the o r i f i c e  p la te  was d i s -  
connected, i t  was found t o  f l o a t  a t  3 o r  4 v o l t s  
above ground potent id l .  
p la te  can be f loa ted  w i t h  respect t o  ground without 
s i g n i f i c a n t l y  a f fec t ing  cathode operation i s  con- 
sidered important. 
o r i f i c e  p la te  one would expect t o  reduce o r i f i c e  
erosion because operation i n  such a condi t ion would 
r e s u l t  i n  d marked decrease o f  the impact enerqy o f  
the impinging ions. 

I t  was considered desirable t o  invest igate 
fur ther  the e f f e c t  o f  the above parameters on the 
emission current d i s t r i b u t i o n  between the i nse r t  
and o r i f i c e  p la te  ? n d  t o  determine more accurately 
the emission current  p r o f i l e  f o r  the i nse r t .  I n  
order t o  do t h i s  an experiment was set up using the 
same experimental conf igurat ion used f o r  the i n s e r t  
temperature measurements but incorporating the 
segmented i n s e r t  described e a r l i e r  and shown i n  
Fig. 3. It was hoped tha t  the a b i l i t y  t o  measure 
i n s e r t  temperatures and emission currents simul- 
taneously would shed addi t ional  l i g h t  on the loca- 
t i o n  and type o f  emission process tak ing place i n  
the cathode. 

The experiments conducted w i th  the segmented 
inse r t  were carr ied out i n  a manner s imi la r  t o  those 
described f o r  the temperature measurements o f  the 
continuous inser t .  The pressure was contro l led 
using the t h r o t t l e  valve and the o r i f i c e  diameter 
was selected by moviig the o r i f i c e  valve s l ide.  
Temperatures and emission currents were measured f o r  
each inser t  segment and f o r  the o r i f i c e  p la te  assem- 
bly. The temperature was measured a t  the center of 
each o f  the short i n s e r t  segments (Fig. 3). 
temperature o f  these short segments was found t o  be 
reasonably uniform ( t y p i c a l l y  a gradie:?t a f  % 10°C 
along the segment was observed). The f1 segment 
was an exception and was found t o  have a loca l  hot 
region during most o f  the test ing.  This region, 
which i n i t i a l l y  had a temperature as much as 65'C 
hot te r  than the r e s t  o f  the segment. eventual ly 
dropped i n  temperature t o  the same value as the 
r e s t  o f  the segment. The temperature a t  the center 
o f  each segment was considered to  represent a 
reasonable value ,>f the average segment temperature 
and i s  the one which w i l l  be presented i n  the re- 
su l t s  and used i n  l a t e r  ca lcu lat ions o f  average sur- 
face wcrk function. 

The f a c t  tha t  the o r i f i c e  

By operating w i th  the f l o a t i n g  

The 

Figure 9 shows tha t  a t  a pressure o f  6.7 t o r r  
and an o r i f i c e  diameter o f  0.79 n most o f  the 
emission comes f r o m  segment d l  o f  the i nse r t .  
also seen tha t  the emission f rac t ion  of 0.87 f o r  
t h i s  segment i s  essent ia l ly  independent o f  t o t a l  
emission current. The emission f rac t ion  of  the or- 
i f i c e  p la te  increases rather rap id ly  a t  low t o t a l  
emission currents changing f r o m  0.075 a t  0.8 A t o  
0.11 a t  2.3 A. However, a t  emission currents over 
2.3 A, the o r i f i c e  p la te  f rac t ion  i s  seen t o  i n -  
crease by only 0.004 per amp o f  emission current. 
Figure 9 shows tha t  segment # Z  o f  the inser t  con- 
t r ibu tes  less than 1% o f  the t o t a l  emission current. 
The resu l ts  o f  Fig. 9 are f e l t  t o  be s ign i f i can t  

I t i s  
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Fig. 9 Emission current d i s t r i b u t i o n  i n  
a merccry hollow cathode. 

because they ind icate tha t  a t  t h i s  moderate pressure 
the emission region i s  loca l ized t o  the dolrxtream 
end o f  the i n s e r t  including a t  most the 2 nm o f  the 
inser t  c losest  t o  the o r i f i c e  plate. and i t  prob- 
ably covers on ly  a small f r a c t i o n  o f  t ha t  region. 

The e f f e c t  o f  pressure on the emission current  
d i s t r i b u t i o n  i s  shown i n  Fig. 10 f o r  the cathode 
operating a t  an emission current  o f  7.3 A w i th  the 
0.79 mn o r i f i c e .  Figure 10 shows tha t  a t  pressures 
over 4 o r  5 t o r r  the emission current i s  d is t r ibu ted  
i n  essent ia l l y  the same way a s  indicated i n  Fig. 9. 
However, as the pressure i s  reduced below 4 to r r ,  
the emission current coming from the o r i f i c e  p l a t e  
and the f i r s t  segment i s  seen t o  decrease; and the 
second segment i s  seen t o  become ac t ive  i n  the emis- 
sion process. A t  s t i l l  lower pressures segment 63 
and then d4  begin t o  make a small cont r ibut ion t o  
the emission current. 

Q u a l i t a t i v e  resu l ts  obtained i n  the ear ly  
stages o f  t h i s  invest igat ion suggested tha t  the 
work funct ion and the pressure are both important 
i n  determining the area o f  the inser t  over which 
the emission takes place. Figure 11 shows tempera- 
tu re  p r o f i l e s  f o r  a cathode operating w i t h  an i n s e r t  
which was believed t o  have a surface work funct ion 
which was somewhat higher than usual due t o  deple- 
t i o n  o r  contamination. A t  the high cathode pres- 
sures the emission region, as indicated by the 
shape o f  the temperature p r o f i l e ,  was a t  the t i p  o f  
the i nse r t .  As the pressure was decreased the tem- 
perature p r o f i l e  changed shape becoming f l a t  over a 
longer por t ion o f  the downstream end o f  the inser t ,  
suggesting that  the emission region was covering a 
greater arc: o f  the inser t .  This i s  the same s o r t  
o f  r e s u l t  seen i n  Fig. 10 where more o f  the segments 
began t o  emit as the pressure was decreased. 
at ions were observed w i th  inser ts  tha t  appeared t o  

Si tu-  
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Fig. 11 Ef fec t  o f  in ternal  pressure on 
i n s e r t  tmperature p r o f i l e  f o r  
depleted o r  contaminated inser t .  

be almost completely depleted o f  R-500 i n  which the 
inse, *. temperature p r o f i l e  changed q u a l i t a t i v e l y  i n  
the manner indicated by the dashed l i nes  o f  Fig. 11 
as the pr'!ssure was decreased t o  very low values. 
This suggests that, i f  the i n s e r t  work function i; 
low enough o r  If the pressure i s  s u f f i c i e n t l y  high, 
the emission w i l l  take place near the downstream 

end of the inser t ,  but  tha t  as the pressure de- 
creases and/or the work funct ion increases the 
emission region w i l l  tend t o  move upstream covering 
inore o f  the surface area o f  the inser t .  

The o r i f i c e  diameter was a lso found t o  a f f e c t  
Che f ract ions o f  the emission current coming from 
the i nse r t  and the o r i f i c e  p la te.  
that as the o r i f i c e  diameter i s  increased whi le  
in ternal  cathode pressure i s  held constant the 
f rac t ion  o f  the emission current  from the inser t  
segment s l  increases and tha t  from the o r i f i c e  
p la te and segment #2  decreases. 

Fiqure 12* shows 

EMISSION CURRENT - 1, ( A )  
0 2 3  
0 3 3  
A 4 3  
Pa36 torr 

0 c !loz 1 
Y 

5 
SEGMENT +2 

A 1 

0 0 4  0 8  I 2  16 
0 

ORiFICE DIAMETER (mm) 

Fig. 12* Effect o f  o r i f i c e  diarnet.er on 
emi s \  i on c.11 wen t d i  s t r i  bu t i on. 

Figure 12 a lso shows thz t  the e f f e c t  the to  o r i f i c e  
diameter i s  rather in;ensitive t o  emission curre , 
a t  leas t  over the ranqe c f  2.3 t o  4 . 3  amps. 

discussion - o f  Resui ~ t; 

Inser t  

The resul ts  presented i n  the previous sec!ion 
suggest a number o f  '?iportant features o f  o r i f i ced ,  
hollow cathode operation which may be useful i n  
cathode design. I t  was seen tha t  the inser t  i s  
responsible f o r  most  o f  t.he emission and tha t  under 
normal operating conditions the emission i s  10- 
ca l i z fd  t 3  the downstream en? 3 f  the i nse r t .  This 
suggests tha t  i nse r t  design miqht be improved by 
providing a surface spec i f i ca l l y  designed f o r  
emission. The low work func' ion mater ia l  w w l d  
then be replenished hy a sepa .ate dispenser o r  
reservoir desiqned to  supply the material d i r e c t l y  

T g u r e  12 was incorrect  as iL appeared i n  the 
o r ig ina l  publ icat ian of t h i5  pdper. The f i c y r e  and 
assoc i~ ted  tex t  have been correc ted inth i spr in t ing .  

7 



and spec i f i ca l l y  t o  the emissior surface. One means 
of accomplishing t h i s  would be t o  use an impregnated, 
sintered tungsten i l .sert  which i s  sealed on a l l  
outer surfaces except the l a s t  few mi l l imeters on 
the downstream end o f  the inside diameter. This 
would force a l l  o f  the R-500 to evolve through the 
emission surface. 

Or i f i ce  Plate -- 
The resu l t s  showed tha t  the important operating 

+r?neters af fect ing the i nse r t  tenperatJres were 
the surface work function, the in te rna l  pressure, and 
the t o t a l  emission current. The i n s e r t  temperatures, 
were on the other hand, found t o  be rather insensi- 
t i v e  t o  the o r i f i c e  diameter. This suggests tha t  
the main functions o f  the o r i f i c e  are t o  r e s t r i c t  
the propellant f low i n  order t o  maintain a high 
neutral density ins ide  the cathode and t o  provide a 
current path to  the downstream discharge. 
e f fec t  o f  the o r i f i c e  ;'ate as an emissive surface 
was seen t o  be minimal. I t  was also suggested tha t  
m e  way of reducing o r i f i c e  p la te  erosion would be ...- al low the o r i f i c e  p la te  t o  f l o a t  w i t h  respect t o  
ground i n  order to reduce the incident energy o f  
the impinging ions. 

It should be noted nere tha t  the o r i f i c e  diam- 
eter does a f fec t  the keeper and the discharge vo l t -  
age as well as the o r i f i c e  p la te  temperature. 
f igure 13 shows the e f fec t  o f  o r i f i c e  diameter on 
keeper voltage, discharge voltage, and o r i f i c e  
p la te  temperature fo r  the experimental quartz tube 
cathode operating a t  an emission current of 3.3 A 
and an internal  pressure o f  1.2 t o r r .  The tempera- 
t u r e s  shown i n  the f igure were measured on an outer 
edge o f  the o r i f i c e  p la teha lve  assembly. 
su l ts  o f  Fig. 13 agree with evidence presented by 
C r a w f o d  which showed that a p lasm sac forms on 
the cathode side o f  a cons t r i c t ioa  i n  a plasma d i s -  
charge. This sac was found t o  be bounded by a 
double sheath which accelerates electrons across 
the sheath t o  su f f i c i en t l y  high energies so that 
they ran produce a dense plasma wi th  a high i on i -  
zation f rac t ion  w i th in  the constr ict ion.  Crawford 
measured the potent ia l  drop across such a constr ic-  
t i on  sheath i n  a mercury discharge tube. He found 
the increase i n  p lasm potent ia l  across the sheath 
t o  be on the order o f  10 vo l t s  and t o  be dependent 
on the r a t i o  o f  the diameter o f  the discharge tube 
on the cathode side o f  the cons t r i c t ion  t o  the 
diameter o f  tho constr ict ion.  
the o r i f i c e  provides a discharge cons t r i c t ion  which 
would be expected t o  produce the type of double 
sheath found by Crawford. The diameter dependence 
o f  the potent ia l  drop across such a cons t r i c t ion  
sheath a t  the hollow cathode o r i f i c e  i s  considered 
to k the probable basis f o r  the vol tage-or i f ice 
diameter e f fec t  seen i n  F i g .  13. 

Insert  Diameter and Internal  Cathode Pressure 

study, which i s  almost ce r ta in l y  o f  importance i n  
the internal  ca hode process. i s  the i nse r t  diam- 

o r i f i e d )  argon hollow cathodes suggested that the 
paraniet 'r \ / d ,  the r a t i o  o f  the energy exchange 
mez- fret- path to  tne cathode diameter, determines 
ihe length of  the cathode region over which the 
discharge establishes i t s e l f .  
dence t o  indicate that  the optimum operating con- 
d i t i o n  was one a t  which a/d wiis appruximately un i t y  
and that th is  condit ion resul ted i n  the s i t e  o f  the 

The 

The re- 

I n  hollow cathodes 

One Wrameter which was not varied i n  t h i s  

eter. Krishnan 5 working w i th  large diameter (non- 

He presented evi-  
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Fig. 13 Ef fec t  o f  o r i f i c e  diameter on 
discharge voltage, keeper voltage, 
and o r i f i c e  plate-valve assembly 
temperature. 

maximum emission current density loca t ing  i t s e l f  
approximately one diameter pstream o f  the cathode 

a l l y  that one c r i t e r i o n  fo r  the emission loca t ion  
was tha t  the loca l  pressure-diameter product be 
equal t o  z 1 torr-cm. Although the i nse r t  diameter 
was not varied i n  the present investigation, there 
was evidence that the inser t  dianeter end speci f ic-  
a l l y  that  the pressure-insert diameter product i s  
o f  importance. This was demonstrated durinc some 
prel  b i n a r y  tes ts  o f  the quartz tube cathode equip- 
ped with a thor iated tungsten o r i f i c e  p la te  having 
an o r i f i c e  diameter o f  0.51 mn w i th  a 1.5 mn diam- 
eter counterbore on the upstream side o f  the o r i f i c e  
channel. The o r i f i c e  p la te  disc was 6 mn i n  diam- 
eter and 0.9 n thick.  
wi th t h i s  stepped o r i f i c e  p la te  i t  was found tha t  
the f r a c t i m  o f  emission current from the o r i f i c e  
p la te  iticreased w i th  increases i n  in te rna l  cathode 
pressure i n  a manner s imi la r  t o  that  shown i n  
Fig. 10. However, as the mass f low ra te  was in -  
creased beyond a f a i r l y  well  defined t rans i t i on  
po in t  the o r i f i c e  p la te  would beg.1 t o  e m i t  up t o  
99% o f  the emission current and the i nse r t  emission 
Hould e f fec t i ve l y  cease. For an emission current 
o f  a few amperes the t rans i t io r !  occurred a t  a mass 
f low ra te  o f  about 70 mA which wa; estimaLed t o  
correspond to an in te rna l  pressure of z 8 t o r r .  
When the t rans i t i on  occurred and the o r i f i c e  began 
t o  emit ,  the temperature a t  the downstream end o f  
the i nse r t  would drop from 1030'C to less t b - , i  

840°C whi le tne outside edae of the orifi,e p la te  
increased i n  temperature from .z 900°C to  2. 1130°C. 
This t rans i t i on  was very consistent arid repeatable, 
but  was seen only w i th  t h i s  o r i f i c e  p la te  and only 
when the o r i f i c e  p la te  was ins ta l l ed  wi th the 
counterbore on the upstream side. 
that  the upstream counterbore region was beginning 
to operate as i n  inser t  a t  high pressures where the 

ex i t .  Lidsky6 and Delcroix L; both found experiment- 

While operating the cathode 

This juggests 
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counterbore diameter-pressure product was nearer 
the desired operating po in t  than the i nse r t  diam- 
eter-pressure product. 
s im i la r  t rans i t i on  would be seen w i th  the o r i f i c e  
plate/valve assembly shown i n  Fig. 2. since i t  had 
a 1.6 m diameter bore imed ia te l y  upstream o f  the 
smaller o r i f i c e  on the s l ide .  However. 110 t rans i -  
t i o n  was seen under any operating condit ions w i th  
the o r i f i c e  plate/valve assembly. I t i s  believed 
tha t  the reason no t rans i t i on  occurred i n  t h i s  cast 
was because the greater mass and surface area o f  
the o r i f i c e  plate/valve assembly 
cool the o r i f i c e  region below a temperature a t  
which i t  could emi t .  

I n  order t o  tes t  t h i s  hypothesis regarding the 
o r i f i c e  temperature, an o r i f i c e  p la te  was fabr icated 
from a tantalum disc % 10 m i n  diameter and 1.0 mn 
thick. This o r i f i c e  p la te  had a 0.51 m o r i f i c e  
w i th  a '-8 mn diameter counterbore tha t  was 4 - 7 5  m 
deep. The o r i f i c e  counterbore was coated w i th  R-500. 
Operation w i th  t h i s  o r i f i c e  p la te  showed that a 
t rans i t i on  between emission from the inse r t  t o  
emission from the o r i f i c e  p la te  could occur a t  in -  
ternal  cathode pressures above - 7 to r r .  Hovever. 
a t rans i t i on  would ac tua l l y  occur above t h i s  pres- 
sure only i f  the emission current was increased 
above 5.0 A.  An emission current o f  5.0 A was 
su f f i c i en t  t o  heat the o r i f i c e  p la te  so tha t  i t  
began t o  glow red. Once the emission switchcd to  
the o r i f i c e  plate, the emission current could be de- 
creased t o  a few amperes, and the emission would 
continue to  come from the o r i f i c e  p la te  u n t i l  the 
pressure was decreased beflow z 7 to r r .  This o r -  
i f i c e  p la te  had a thermal mass and surface area 
intermediate between the thor iated tungsten o r i f i c e  
p la te  and the o r i f i c e  plate/valve assembly. The 
above results, therefore, support the e a r l i e r  sug- 
gestion tha t  since the thermal propert ies of the 
o r i f i c e  p la te  a f fec t  the surface temperature i n  the 
o r i f i c e  region, they can be a determining factor on 
whether o r  no t  the emission region can establ ish 
i t s e l f  on the o r i f i c e  counterbore. Addit ional sup- 
por t  o f  t h i s  was found by covering the wall  o f  the 
o r i f i c e  p la te  counterbore w i th  a few layers o f  
0.025 mn tantalum f o i l .  The f o i l ,  since i t  pre- 
sented an emission surface which was not i n  very 
good thermal contact w i th  the o r i f i c e  plate, would 
presumably be able t 3  maintain a temperature which 
would be s u f f i c i e n t  f o r  miss ion .  
be the case because operation w i th  the f o i l  i n  
place allowed a repeatable t rans i t i on  o f  the emis- 
sion loca t ion  t o  occur a t  a pressure of 2 - 3 t o r r  
when operating a t  an emission current o f  3 . 3  A. 
should be noted tha t  evidence o f  a s im i la r  t ransi-  
t i o n  phenomenon w i th  a stepped o r i f i c e  p la te  was 
previously reported by Fearn.8 Fearn suggested 
that the s h i f t i n g  o f  the emission region would also 
account f o r  the t rans i t i on  f r o m  the high-voltage 
plume t o  the low-voltage spot mode o f  operation. 
I n  the present invest igat ion,  i t  was f c m d  that the 
so ca l led  plume-to-spot mode t rans i t i on  occurred 
with a l l  o f  the emission current coming from Lhc 
o r i f i c e  p la te  which indicates tha t  i t  i s  not  a e- 
s u l t  o r  the s h i f t  i n  emission location. 

sure and the emission surface diameter a r e  important 
parameters i n  determining the loca t ion  a c which the 
emission process takes place. Further, test ing i s  
needed to  be t te r  quant i fy t h i s  e f fec t ;  spec i f i ca l l y .  
i t  would be desirable to  remove the e f fec ts  associ- 
ated w i th  the thermal propert ies o f  the o r i f i c e  
p la te  by conducting the tes t  w i th  an inser t  having 

I t was expected tha t  a 

acted t o  

This appeared t o  

I t  

The above tests indicate tha t  both the pres- 

e i t he r  a mu l t ip le  or a continuously varying (such 
as i n  a conical section) cross-section bu t  w i th  
uniform thermal propert ies. It i s  in te res t ing  t o  
note, however, that  the pressure diameter-product 
estimated from the tests w i th  the stepped o r i f i c e  
p la te  are s im i la r  t o  those reported by a number o f  
other researchers. A: the pressure condi t ion where 
the emission transferred t o  the o r i f i c e  plate, the 
product o f  the upstream stagnation pressure and the 
counterbore diameter was - 1.25 torr-cm i n  the case 
o f  both the thor iated tungsten o r i f i c e  p la te  and 
the tantalum o r i f i c e  plate. For the case o f  the 
tantalum o r i f i c e  p la te  having the tantalum f o i l  in- 
se r t  i n  the counterbore, the press r e  diameter 

based on experiments h i t h  a tubular h c l l o r  cathode 
operating w i th  a nwber o f  gases (Hz. Je. A, N2), 
t ha t  the err' ,ix region locates i t s e l f  a t  a po in t  
wh?re the local  prysure-diameter product i s  % 1 
torr-an. Delcrsix found f o r  s im i la r  cathodes tha t  
the pressure-diameter product c r i t e r i a  was i n  the 
range o f  0.2 t o  1.6 torr-cm over a very wide range 
o f  mass flow rates. I t  should be stressed tha t  the 
pressure-diameter c r i t e r i a  referred t o  above are  
based on the loca l  pressure which nay be consider- 
ably lower than the upstream stagnation pressure. 
However, i t  i s  believed t o  be s ign i f i can t  t ha t  the 
resu l ts  f o r  the u r i f i c e d  hollow cathode c f  the pres- 
ent invest igat ion are i n  approximate agreement w i th  
those referenced above f o r  tubular, non-or i f iced 
cathodes. 

product was - 0.5 torr-an. Lidsky It astennined, -- 

Discharge Yo1 taa 

One goal i n  the design o f  hollow cathodes fc r  
thrusters has been to  provide a cathode which w i l l  
operate a t  a minimum discharge voltage f o r  a given 
emission current. Here again a pressure-character- 
i s t ' c  dimension product appear; important. Mart in 
and R o d  found that f o r  a low-voltage arc operating 
w i th  noble gases between plane, para l le l  electrodes 
tha t  a pressure-electrode rpacing product o f  .\, 3 t o r r -  
cm resul ted i n  a rirlimiin discharge voltage. This 
qgrees qual ittti:?':, w i th  the resu l t s  discussed 
above concerniw pr . : ? i o n  loca t ion  which i s  presumed 
to  be determined t ~ l t l i a t e l y  by the c r i t e r i o n  o f  
operati tm a t  sone rr!*!iinum energy condit ion. I t  also 
has imp1 icat ions f o r  designing cathodes to  minimize 
the keeper voltage. It i s  easy t o  imagine w i th  the 
or i f i ced ,  hollow cathode tha t  a number o f  character- 
i s t i c  dimensions are of importance i n  minimizing the 
voltage. The i n s e r t  diameter i s  important because 
the plasma potent ia l  adjacent t o  the i nse r t  surface 
i s  dependent on the volume plasma processes taking 
place w i th in  the boundary o f  the insert .  
cussed previously, the o r i f i c e  diameter af fects the 
potent ia l  drop across the o r i f i c e  region; and, 
f i n a l l y ,  the keeper-or i f ice plate separation d is -  
tance would be expected t o  have some e f fec t  on the 
potent ia l  drop across the region between the o r i f i c e  
p la te  and the keeper electrode. I n  each case the 
pressure of in te res t  Hould be the loca l  pressure i n  
the region of  the charac ter is t i c  dimension. I f  a l l  
o f  these variables a re ,  i n  fac t ,  important i n  de- 
termining the keeper voltage. then a rather complex 
experiment would be required to establ ish the i m -  
portance o f  the various e f fec ts .  
however, the e f fec t  on keeper voltage o f  varying 
the internal  cathode pressure was investigated. 

As d is -  

This was not done; 

Figure 14 shows the keeper voltage noma1 ized 
by the minimum keeper voltage p lo t ted  against the 
internal  pressure fo r  the experimental cathode 
operating w i t h  t h e  0.73 mil diameter o r i f i c e  and 
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Fig. 14 Ef fec t  o f  internal  cathode 
pressure on normalized 
keeuer voltage. 

3.9 m diameter i nse r t  a t  a keeper current o f  0.3 A 
and dircharye currents o f  2.0 and 6.0 A. Figure 14 
shows that there i s  a d e f i n i t e  minirnum i n  keeper 
volt+e fo r  the 6.0 A condi t ion a t  a pressure o f  -. 7 to r r .  The 2.9 A discharge conc‘it ioii shows a 
keeper voltage r.inimnr a t  - 14 to r r .  The 2.0 A 
curve i n  Fig. 14 shows an anomoly i n  the form c f  an 
i n f l e c t i o n  po in t  a t  L 7 to r r .  
other o r i f i c e  diameters showed s im i la r  kt more 
def in i t :  i n f l e c t i o n  points and i n  some cases a 
second mininum. The data o f  Fig. 14 were a l l  co!- 
lected a t  approximately the same b e l l  j a r  background 
pressure ( i .e. t o ta l  mas flow r a t e  was held constant 
and the internal  cathodz pressure was set by adjust-  
ing  the t h r o t t l e  valve). Operation a t  other to ta l  
mass f l o w  rates showed. however, that  backgrouFxf 
bell j a r  pressure has a s ign i f i can t  e f fec t  on the 
keeper voltage and the keeper voltage m i n i m .  
Though not shown i n  the f igure, the discharge v o l t -  
age was also found t o  go through one o r  more mini- 
1’2 as the in te rna l  pressure was varied, and a l l  o f  
the carments above also hold for  i t . However. the 
discharge voltage i s  characterized by the plune-to- 
spot mode t rans i t i on  nhich i s  f e l t  t o  be h igh ly  
dependent on downstream condit ions4 and tends t o  
over shadow the other ef fects.  A l l  o f  t h i s  suggests 
tha t  a more ca re fu l l y  control led experiment i s  war- 
ranted and tha t  there probably i s  not a s ingle keeper 
voltage minimum determined exclusively by the in -  
ternal cathode pressure. I n  fact, t h i s  i s  i n  qual- 
i t a t i v e  agreement w i th  the e a r l i p r  discussion which 
suggested that there are probably a number of 
pressure-characterist ic dimension products tha t  are 
important and that. depending on t h e i r  r e l a t i v e  
importance, each product could resu l t  i n  a separate 
voltage minimum as the internal  cathode pressure i s  
varied. The data o f  Fig. 14 i s  presented, therefore, 
only as a representative case t o  i l l u s t r a t e  the ex- 
istence o f  the keeper voltage minimum and to  suggest 
that  the pressure-insert diameter product i s  prob- 
ably one o f  the important parameters. 
in te res t ing  that the m4nim.n condi t ion found a t  

7 t o r r  represents a pressure-insert diameter 
product o f  2.7 torr-cm which i s  i n  ood agreement 

ear l ie r .  

Insert  Tempera tures 

i n  hollow cathode design because they a f f e c t  both 
the performance o f  the cathode and the deplet ion 

Data obtained w i th  

It i s  

w i th  the resu l ts  o f  Mart in and Rowe 8 discussed 

--- 
Insert  temperatures are o f  c ruc ia l  importance 

r a t e  of the low work funct ion mater ia l  tha t  i t  con- 
tains. The resu l ts  presented e a r l i e r  are useful i n  
tha t  they show the shape o f  the temperature p r o f i l e  
o f  the inser t  and indicate i t s  s e n s i t i v i t y  t o  such 
parameters as in te rna l  pressure and emission current. 
However. the magnitude o f  the i nse r t  temperature i s  
h igh ly  dependent on i nse r t  design and the thennal 
conf igurat ion o f  the cathode i t s e l f .  The thermal 
conf igurat ion o f  the experimental quartz tube 
rathode i s  obviously very d i f f o r e n t  f a a n  t ha t  o f  a 
standard thruster holiow cathode because the quart2 
tube has a very low thermal conduct iv i ty and i s  more 
transparent t o  thermal rad ia t ion  than a meta l l i c  
one. An e a r l i e r  experimental inves t iga t ion lo  used 
a quartz tube cathode w i th  a 1.9 m diameter i nse r t  
t o  simulate the cathode used i n  the 8 on thruster. 
I n  t h i s  study inser t  temperature p r o f i l e s  were 
measured f o r  a mu l t i p le  layer  r o l l e d  %il inser t  and 
a s intered tungsten inser t  under a var ie ty  of oper- 
a t i ng  condit ions. I t  was found tha t  f o r  each inse r t  
the naxiniurn inser t  temperature varied approximately 
l i n e a r l y  w i th  the discharge current and could be 
characterized by the slope o f  the maximull i nse r t  
tmperature verses discharge current l ine .  I t  was 
also found tha t  t h i s  slope was independent of the 
leve l  o f  cathode heater power. For the n u l t i p l e  
layer, tantalum f o i l  inser t  used i n  those tests. the 
constant was 315WA and f o r  the sintered tungsten 
i nse r t  the constdnt was found t o  be 137WA. The 
di f ference i n  the two constants was a t t r i bu ted  to  
the d i f f e r e n t  thennal propert ies of  the two types 
o f  inserts. I n  the invest igat ion discussed above.1° 
i t  was suggested tha t  the energy i n p l t  t o  the i nse r t  
was effected by ion  banbardment o f  the in te rna l  sur- 
face o f  the inser t  and the major energy loss was i n  
the form o f  thermal rad ia t ion  between the outer sur- 
face o f  the inser t  and the cathode body. Based on 
these assumDtions. a parameter was defined which was 
comnon t o  both the experimental quartz cathode and 
the actual cathode used i n  the 8 an thruster. The 
det ‘1s o f  th is,  which have been presented previous- 
l~,!~ w i l l  not be repeated here except t o  note tha t  
once the inser t  constant i s  known i t  should be 
feasible t o  define a parameter which bridges the 
gap between the experimental quartz cathode and the 
cathode which i s  being mode; !ed. 

I n  the case o f  the present investigation, 
Fig. 15 shows the var ia t ion  of  maximun i nse r t  tem- 
perature as a funct ion o f  emission current for  the 
cathode operating a t  a pressure near 6.5 t o r r  w i th  
the 0.79 mn o r i f i ce .  Although the data does not f i t  
a s t ra igh t  l i n e  over the f u l l  ra ige  o f  emission cur- 
rent,  there i s  a s t ra igh t  l i n e  port ion o f  the curve 
over most o f  the range which can be characterized 
by a slope o f  ~r 73’C/A. The data o f  Fig. 15 i nd i -  
cated by the square symbols were obtained using the 
segmented inser t .  The temperatures represented by 
these data were from the center o f  segment a1 and 
are bel ieved t o  be a good estimate o f  the bulk 
average temperature o f  that  inser t  segment. It i s  
in te res t inq  to  note that  the data i n  Fig. 15 f o r  
both the continuous and segmented inse r t  f a l l  very 
close together. This suqgests that  s- p e n t i n g  the 
inser t  d i d  not a l t e r  i t s  t h e n d l  and m i s s i o n  
character ist ics.  Considering the usual cathode 
s e n s i t i v i t y  t o  var iat ions i n  inser t  condit ions t h i s  
condi t ion i s  considered a t  least  i n  par t  for tu i tous.  
However, t h i s  resu l t  does tend to support the sug- 
gestion that the energy i s  transported pr imar i l y  by 
rad ia t ion  i n  the rad ia l  d i rec t i on  fo r  t h i s  re la t i ve -  
l y  th’n ( -  1.75 layer of  0.025 mn f o i l )  insert ,  
rather than by conduction i n  the ax ia l  d i rec t ion .  
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Fig. IS Ef fec t  o f  t o t a l  m i s s i o n  
current  on maxinun inse r t  
temperature. 

The ef fect  o f  in ternal  pressure on the maximum 
inse r t  temperature can be presented i n  a manner 
s imi la r  t o  that described above where the e f f e c t  o f  
emission current was considered. Figure 16 shows 
the maximum inse r t  tenperature as a function o f  in- 
ternal pressure for the cathode w i th  a 0.79 mn or -  
i f i c e  operating a t  an emission current  of 3.3 A. 

k t  L 
I ~ x 3 3 A  
&*079mm 

c9 CONTINUOUS IPSERT 
I2 SEGMENTED INSERT I 7oo/ 

Fig. 16 Ef fec t  o f  in ternal  cathode 
pressure on maximum inse r t  
temperature. 

Again the data frwn both the continuoas inse r t  and 
the segmented i n s e r t  fo l low the same curve. 
wide range o f  pressures a s t ra igh t  l i n e  provides a 
good f i t  t o  the ciata. 
i n s e r t  tcmperature verses in ternal  pressure 1 i n e  
i s  - 7'C/torr. 

. The . - Emission .. - -. - f4echanis.m - - . 

investigationsy* 2 -  4 has suggested that  the emis- 
sion mechanism f o r  t h i s  tvpe o f  hollow cathode i s  
that  o f  field-enhanced. themionic  m i s s i o n .  This 
experimental invest igat ion has suggested a physical 
locat ion f o r  the m i s s i o n  s i t e  a t  the downstream end 
o f  the inser t .  With the test  apparatus used f o r  
t h i s  work, i t  hac been possible to  measure both the 

Over a 

I n  t h i s  case the slope o f  the  

Evidence rovided from a number o f  experimental 

i nse r t  surface tm,pe-ature and the current  t o  a 
segment o f  the i nse r t  E t  a given location. For the 
f i r s t  time t h i s  allows a reasonably accurate e s t i -  
mate o f  the e f f e c t i v e  work funct ion f o r  the emission 
surface of the hollow cathode. For field-enhanced. 
themionic m i s s i o n  the current  density can be ca l -  
culated using the Schottky equation 

- 
e: e 

j = A, T i  exp [- 
where A, = 120 A/cm,'R. 1, i s  the loca l  inser t  sur- 
face temperature i n  .K, Te i s  the e f f e c t i v e  work 
funct ion of the m i t t i n o  surface i n  volts, e i s  the 
e lect ron ic  charqt. i n  iou?ombs, and k i s  Boltrmann's 
constant. The e i i c i t i v e  work funct ion i s  defined 
by the expression 

(3)  

Here : i s  the s u r i a c i  dork function associated 
w i t h  tge mater ia l ,  E i s  the e l e c t r i c  f i e l d  adjacent 
t o  the emi t t ino s:irf3ce i n  vol*s per meter,and cO i s  
the p e r m i t t i v i t y  o f  free space i n  fdrads per meter. 
Eq. 3 shows that the t l f tect  o f  a strong e l e c t r i c  
f ie lC adjacent to t+r  m i s s i o n  surface i s  t o  reduce 
the e f f e c t i v e  w r h  i t m t i o r i  o f  the surface, t ha t  i s  
i t  acts  t o  p u l l  norc electrons fra the surface than 
would be expected iron the thermionic model f o r  the 
prevai l  ina t t v  perature. Since the temperature, the 
surface a i .  . i .  and the current a re  knwn  f o r  each 
segment. Eq. 3 can h c  used t o  ca lcu late the average 
e f f e c t i v e  work fur.ctior f o r  each segment. 
be recognized t h i s  assumes that  a l l  of the measured 
current  from each seoment i s  due to  e lect ron emis- 
sion; and therrfclre i t  i.1:iort's the fact  that  a 
por t ion o f  the apparent mi iss ion current is actua l l y  
due t o  a pos i t i ve  i o n  i u r r e n t  t o  the segment. The 
e f f e c t  o f  the ion current should. however. be small. 
The averdoe t>6fectivc uork function has been calcu- 
la ted based P ? ,  ' 8  s>y,.iiription f o r  the f i r s t  two 
segments of  tne . ; t-n. ,)!td inser t .  Fiqure 17' shows 
th i s  e f f e c t i w  a09 *; !Y:  im p ls t ted  apainst i n -  
ternal pt'e<siiw ft-*. :'.:> -.t i!vde operating at  3 . 3  A 
w i th  the 0.79 rm o ~ - ~ * . c c .  F:qure 1 7  show that  the 
average e f f e c t i v e  was-i f;rnction f o r  the emi t t ing 
surfaces i s  i n  thP i'anoc o f  1 .i t o  .?,O vol ts .  
HEterial work fu:iztions w i th  values t h i s  low are  
reasonable f o r  tantalum c u v f ~ ~ c e c  coated w i th  R-500. 
so the emission co:jIJ hr nut. to  themionic  m i s s i o n  
alone. Howevrr. Fla.  l i  also shows that tbe average 
e f f e c t i v e  w r k  ftrnction o f  seament ~1 decreases as 
the i n te rna l  presbirre I S  increased and t h i s  suggests 
i t  i s  a f fected hy the r l e c t v i c  f i e l d .  The probable 
mechanism f o r  r h i s  can he <ern hy notinq that  as the 
i n te rna l  :v-essure i s  increased the neutral density 
and. therefore, the plasma density both increase. 
An increase i n  the plasma densitv would ef fect  a 
decrease o f  the shrath thicksess and lead t o  la rger  
e l e c t r i c  f i e l d s  a t  the i nse r t  surface. 4s indicated 
by Eg. 3. an increase i n  the e l e c t r i c  f i e l d  strength 
un,ild dpcrea<e the e f fec t i ve  work function. Such a 
decreace i n  the e f fec t i ve  work function resu l t ing  
from inr rcasrc i n  in ternal  pressure are also i n  
aqreement w i th  the resu l ts  o f  f i q .  16. As the 
cathodc pressurr 1 %  incrcneed .  the marrimiim inse r t  
temperature ran decrrace hv 7"C.'torr f o r  3 Given 
emission current hecausc o f  increased e l e c t r i c  f i e l d  
strenath whic-h a c t <  to r n h a n c e  t h r  e lcct ron emission. 

I: should 
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I 1 

0 2 4 6 a W I2 I4 

INTCRNAL PRESSURE (torr) 

on average e f f e c t i v e  work 
function. 

Fig. 17 Effect o f  i n te rna l  pressure 

The e l e c t r i c  f i e l d  strength a t  the surface o f  
the cathode can b, estimated on the basis o f  Child’-, 
law considerations as 

( 4 )  

where Vc i s  the cathode drop a t  the sheath and hc 
i s  the thickness o f  the sheath. The sheath th ick-  
ness i s  assumed t o  be one Debye length and can be 
calculated as - 

E. kT 

( 5 )  

where Te and ne are the e lect ron temperature (OK) 

and density (m-‘) a t  the loca t ion  where the f i e l d  
i s  t o  be calculated. I n  an e a r l i e r  experimental 
i n ~ e s t i q a t i o n . ~  Langrmir probes were u s d  t o  meas- 
ure the plasma propert ies a fen mi l l imeters  up- 
stream o f  the o r i f i c e  p l a t e  of a mercury hollow 
cathode operating a t  an emissim current o f  2.3 A. 
Using the resu l ts  o f  tha t  experiment together w i t h  
Eqs. 4 and 5 t o  ca lcu late tk e l e c t r i c  f i e l d  ad- 
jacent t o  the downstream end of the inser t .  the 
f i e l d  a t  the i nse r t  surface i s  estimated t o  be 
4.8 x 10’ V/m. Based on Eq. 3 t h i s  would be 
equivalent t o  a decrease i n  the surface work func- 
t i o n  of 0.26 v o l t s  over the case where there was no 
f i e l d .  
nitude t o  explain the resu l ts  o f  Fig. 17. I f  i t  i s  
assumed tha t  by doubling the pressure the plasma 
density i s  also doubled. then Eqs. 4 and 5 show 
tha t  the e l e c t r i c  f i e l d  w u l d  be expected to  in-  
crease by 
( e  E/4nc0)t would. therefore, increase by (2) \ .  So 
f o r  the s i x f o l d  increase i n  pressure shown i n  
Fig. 17 .  i t  i s  easy t o  imagine tha t  the e f f e c t  o f  
the e l e c t r i c  f i e l d  on the work function would in-  
crease from 0.26 t o  (C.?6)(6)\ o r  O . A l  v. 

This effect i s  o f  the r i g h t  order o f  mag- 

factor  o f  (2) e and the fac to r  

I t  i s  in te res t ing  t o  compare t h i s  r e s u l t  w i th  
tha t  shown i n  Fig. 17 f o r  segment e l .  For example, 
assume that  a t  the 2 t o r r  condi t ion the e f fec t  o f  
the e l e c t r i c  f i e l d  m the average e f f e c t i v e  work 
funct ion was 0.26 vol ts .  Then according t o  Eq. 3 
(os = Fe + 0.26). the surface work function a t  tha t  
condi t ion would be c S  

1.87 vo l ts .  Assuming that the s ix fo ld  increase 
i n  pressure from 2 to  12 t o r r  resu l ts  i n  an ef fec-  
t i v e  work funct ion reduction o f  0.41 v due t o  the 
e l e c t r i c  f i e l d  as suggested above. then the average 
e f f e c t i v e  work function a t  the 12 t o r r  condi t ion 
would be expected t o  be1.72vol ts ( 3  
This i s  i n  rlood agreement w i th  the value shown 
i n  Fig. 17 f o r  segment 81 a t  a pressure of  12 to r r .  
The resu l ts  o f  Fig. 17 fo r  segment 02 are a lso  i n  
q u a l i t a t i v e  agreement w i th  the theory of f ie ld -  
enhanced. thermionic emission. Both the plasma and 
the plasma density are known1* 
w i th  distance upstream o f  the emission region. 
drop o f f  would r e s u l t  i n  a inarked decrease i n  the 
e l e c t r i c  f i e l d  as one moves upstream along the i n -  
sert, and t h i s  would i n  tu rn  resu l t  i n  a higher 
average e f f e c t i v e  work function for  the segments of 
the i n s e r t  upstream o f  the f i r s t  segment. This s o r t  
o f  e f f e c t  i s  indicated by the resu l ts  o f  Fig. 17 f o r  
segment *2. The resu l ts  discussed above are f e l t  t o  
provide s ign i f i can t  addi t ional  evidence that  f i e l d -  
enhanced. thermionic emission i s  the primary emis- 
sion ntechanisi.6 i n  o r i f i ced .  i : iei-~ti i~y hollow cathodes. 

2.13 v .  since r e i s  equal t o  

= 2.13-041). 

t o  fa1 1 o f f  rap id ly  
This 

Concl-~usj ons 

I n  the normal operating condition. 80 t o  90: of 
the emission r i i r ren t  from a mercury hollow cathode 
comes from the inser t .  The hollow cathode w i l l  
operate i n  a noma1 manner w i th  e lect ron emission 
from the inse r t  alone. The maic functions o f  the 
o r i f i c e  appear t o  be as a f low r e s t r i c t i o n  t o  main- 
t a i n  a h igh neutral density ins ide the cathode and 
as a current  path to  the downstream discharge. How- 
ever. the o r i f i c e  diameter does affect the keeper 
voltage, the discharge vol t.aoe. and the o r i f i c e  
p la te  temperature. a l l  o f  which decrease as the or- 
i f i c e  diameter i s  increared. 

The inse r t  m i s s i o n  region i s  loca l i red  on tho 
l a s t  few mi l l imeters  a t  the downq?ream end o f  the 
hollow. cy1 i nd r i ca l  inser t .  The emiss;on reqion 
tends t o  extend upstream alonq thc  i nse r t  as the 
in ternal  cathode pressure I F  r e d u i ~ d  o r  the surface 
work funct ion i s  increased. Field-enhanced, therm- 
i on i c  emission can account f o r  the t o t a l  emission 
current .  The surface work function o f  the inser t  
i s  estimated t o  be i .13vol ts ;  and the e f f x t  o f  
the e l e c t r i c  f i e l d  acts  t o  substant ia l ly  reduce 
t h i s  by a few tenths of a v o l t .  Increases i n  i n te r -  
nal cathode pressure cause the e l e c t r i c  f i e l d  ad- 
jacent t o  the i nse r t  surface t o  increase and. there- 
by, cause a decrpase i n  the averaqe ef fect ive work 
function o f  the emissioo surface. 

The inse r t  tenperattires are r s s e n t i a l i y  i n -  
dependent o f  the o r i f i c e  diamete-.. hut h igh ly  de- 
pendent on surface work function. in ternal  cathode 
pressure, and m i s s i o n  current. 
tures tend to  vary ! inear ly  w i th  in ternal  cathode 
pressure and m i s s i o n  current over a wide range of  
condit ions. 
the coef f i c ien ts  descr ib in j  these varjtions. I n  

Inser t  tempera- 

The inser t  can be characterized by 
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the case o f  the inser t  used i n  these tests, the  
ef fect  o f  emission current can be characterized by 
a coef f i c ie r .  o f  7 3 W A  and the effect of in te rna l  
cathode pressure by - 7"C/torr. There i nse r t  co- 
e f f i c i e n t s  from the experimental quartz cathode 
can probably be applfed t o  model the i nse r t  tem- 
perature o f  an actual th rus ter  cathode by the 
careful  select ion o f  a parameter which bridges the 
gap between the thermal propert ies o f  the experi- 
mental quartz cathode and the cathode being 
model 1 ed . 

diameter are important parameters a f fec t i ng  the 
loca t ion  o f  the emission region and the  keeper 
voltage o f  the hollow cathode. The emission tends 
t o  occur a t  a po in t  where the loca l  pressure- 
emission surface diameter product achieves an op t i -  
mum value. The resu l ts  of t h i s  invest igat ion art? 
i n  general agreement w i th  those o f  other research- 
ers who have suggested tha t  thisoptimun value i s  
~r 1 torr-centimeter. The keeper voltage passes 
through a t  leas t  a s ing le  minimum as the in te rna l  
pressure i s  increased from a very -11 value. An 
in te rna l  pressure-insert diameter product o f  a few 
torr-centimeters i s  estimated t o  be a c r i t e r i o n  
f o r  the rea l i za t i on  o f  a minimum keeoer voltage. 

10. Siegfried. D., "Hollow Cathode Studies," 
appears i n  "Hercury Ion Thruster Research - 1978," 
NASA CR-159485. December 1978. pp. 7-37. 

The in te rna l  cathode pressure and the i nse r t  
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ELECTRON DIFFUSION THROUGH THE BAFFLE APERTURE 
OF A HOLLOW CATHODE THRUSTER* 

Colorado Sta te  Un ivers i ty  
Fo r t  Col l ins,  Colorado 

** 
John R. Brophy and Paul J. Wilbur' 

Abstract -- 
A mathematical model r e l a t i n g  the b a f f l e  

aperture area o f  a hol low cathode th rus te r  t o  the 
magnetic f l u x  densi ty and plasma propert ies i n  the  
aperture region i s  developed. The resu l t s  o f  the 
developnents considering both Classical  and Boh 
d i f f u s i o n  theories, i s  presented. The d i f f u s i o n  
c o e f f i c i e n t  determined experimental ly from Langmuir 
probe t race  data indicates tha t  the Bohm d i f f u s i o n  
theory can be used t o  p red ic t  the d i f f u s i o n  CO- 
e f f i c i e n t  i n  the aperture region provided a con- 
s tan t  cor rec t ion  fac to r  equal t o  2.6 i s  used. The 
c lass ica l  theory t y p i c a l l y  underestimated the di f -  
fusion coe f f i c i en ts  by an order o f  magnitude. A 
number o f  assumptions were made t o  s imp l i f y  the  
b a f f l e  aperture model so tha t  i t  could be used as 
an a i d  i n  th rus ter  design. 
probing was undertaken t o  v e r i f y  the  v a l i d i t y  of  
the s imp l i f i ed  model. The r e s u l t s  show tha t  the  
model can be used t o  ca l cu la te  the aperture area 
required t o  e f f e c t  discharge operat ion a t  a 
speci f ied discharge vol tage and arc current.  
dominate force d r i v i n g  the electrons through the 
b a f f l e  aperture was seen t o  be the fo rce  due t o  
the e l e c t r i c  po ten t ia l  gradient. This force being 
approximately four times the fo rce  due t o  the elec- 
t ron  densi ty gradient. The r e s u l t s  also show tha t  
the value o f  the e l e c t r i c  po ten t ia l  d i f fe rence 
through the aperture can be approximated by the 
d i f fe rence between the arc vol tage and the keeper 
voltage, and tha t  t h i s  d i f fe rence i s  equal t o  the 
primary electron energy i n  eV. 

Extensive Langmuir 

The 

Nomencl a t u s  

B a f f l e  aperture open area f 

Calculated aperture area using 
(ABaf)  ohm B o b  model. 

(ABaf) Calculated aperture area using 
Classical model. 

E Magnetic f l u x  densi ty 

D Electron d i f fus i v i t y  tensor 

Coef f i c ien t  f o r  e lec t ron  d i f f us ion  
across magnetic f i e l d  1 ines 
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Electronic charge 

Current through the  b a f f l e  aOertUre 

Beam cur ren t  

Arc cur ren t  

Radial electromagnet current 

Baff 1 e e l  ectromagnet current 
Current densi ty through the b a f f l e  
aperture 

Bo1 tzmann's constant 
Electron mass 

Electron number densi ty 

Average electron densi ty i n  the  aperture 

Ion number densi ty 
Neutral number densi ty 

Electron-neutral c o l l i s i o n  cross sect ion 

Electron temperature 

Average e lec t ron  temperature through 
the aperture 

Keeper vol tage 
Plasma poten t ia l  

Arc voltage 
Average electron ve loc i t y  

Ba f f l e  aperture gap 

Correct ion fac to r  f o r  Bohm d i f fus ion  

Electron f l u x  vector 

Electron f l u x  across magnetic f i e l d  l i nes  

Non-dimensional i zed plasma sh ie ld ing  
distance 
Electron mobi 1 i ty tensor 

Electron m o b i l i t y  across magnetic f i e l d  
1 ines 
Electron momentum exchange c o l l i s i o n  
frequency 
Elcctron- ion momentum exchange c o l l i s i o n  
frequency 
E l  ectmn-neutra 1 momentum exchanqe 
c o l l  i s i o n  frequency 

Electron cyc 1 o t ron  frequency 
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In t roduc t ion  

The use o f  a hol low cathode i n  place o f  an 
oxide cathode t o  increase th rus te r  operat ing l i f e -  
times requires among other th ings the add i t i on  o f  
a ba f f l e  t o  r e s t r i c t  the f low o f  e lectrons from 
the hol low cathode. This separates the plasma i n t o  
two d i s t i n c t  regions;l*6v9 1) the plasma outside 
the hol low cathode bu t  ins ide  the cathode po le  
p iece /ba f f le  assembly, which w i l l  be c a l l e d  the 
cathode region plasma, and 2) the p l a s m  i n  the 
main discharge region. I t  i s  we l l  known tha t  f o r  
proper th rus ter  operat ion the discharge vol tage 
must l i e  w i th in  a r e l a t i v e l y  narrow range. For 
example a hol low cathode mercury i on  th rus te r  would 
t y p i c a l l y  operate i n  the 30 to  40 v o l t  range. The 
c rea t ion  o f  primary electrons i s  accomplished by 
accelerat ing the electrons from the cathode region 
plasma i n t o  the main discharge reg ion  through a 
po ten t i a l  sheath of approximately t h i s  magnitude 
occurr ing i n  the prox imi ty  o f  the  b a f f l e  a ~ e r t u r e . ~  
The aperture impedence, which might be defined as 
the r a t i o  o f  the po ten t i a l  r i s e  across t h i g  sheath 
t o  the cur ren t  through the  ape t i s  p r imar i l y  
a func t ion  o f  three var iab le~ ;~* !3 :5*9  1) the  
physical dimensions o f  the aperture. 2) the  
strength and shape o f  the magnetic f i e l d  across the  
aperture and 3) the neut ra l  densi ty ( the  i o n  den- 
s i t y  i s  a lso  important bu t  t o  a lesser  extent).  

I n  the past the design and op t im iza t ion  o f  
the cathode pole p iece /ba f f le  assembly has been 
done by phys ica l l y  performing a number o f  para- 
metr ic variations.1.2,3,6 This procedure i s  both 
t ime consuming and expensive; therefore, i t  i s  
desirable t o  minimize the number o f  var ia t ions  re- 
quired. 
develop a theore t ica l  model, r e l a t i n g  the aperture 
impedence t o  the var iables l i s t e d  above, w i th  the 
r e s u l t  t ha t  t h i s  model could be used as an a i d  i n  
th rus ter  design. 
undertaken t o  v e r i f y  the v a l i d i t y  o f  the model and 
demonstrate i t s  capab i l i t y .  

The ob jec t ive  o f  t h i s  study has been t o  

Extensive Langmuir probing was 

Theory and Analysis 

Cathode Region Plasma 

The cathode region plasma has propert ies 
s i m i l a r  t o  the plasma created when a hol low cathode 
i s  operated i n  a diode conf igura t ion  i n  the spot 
mode.1 Throughout most o f  the cathode region 
(except i n  the v i c i n i t y  o f  the aperture) the plasma 
poten t ia l  i s  approximately constant and the Max- 
we1 i n lec t ron  temperature s about 1 o r  2 

t i a l l y  flows from the cathode i n  a 30' diverging 
plume and i s  dr iven by the densi ty gradients caused 
by the plasma f low from the hol low cathode. The 
plasma conduct iv i t y  near the cathode i s  c lass ica l .  
A t  distances nearing the b a f f l e  the ax ia l  component 
o f  current becomes subs tan t ia l l y  reduced. Through 
the ba f f l e  aperture the plasma poten t ia l  and 
e lec t ron  energy r i s e  sharply t o  approximately 
t h e i r  main discharge region values. I t  i s  i n  t h i s  
region tha t  plasma heating occurs and primary elec- 
trons are created. 

E 1 ec t ron  D i f f us ion  

e x i s t  i n  the aperture region which inf luence the 

e V . l * j * l Y  According t o  we l ls  d the current i n i -  

____~  ___. - 
I n  a proper ly designed th rus ter  two f i e l d s  

e lec t ron  d i f fus ion  process there. Oriented across 
the  aperture i s  a magnetic f i e l d  and normal t o  i t  
through the aperture i s  a steady e l e c t r i c  f i e l d .  
The electrons must d i f f u s e  across the  magnetic f i e l d  
l i n e s  t o  form the discharge current.  Due t o  the low 
thermal energy o f  the Maxwellian electrons o r g i -  
na t ing  from the cathode region plasma the i n i t i a l  
penetrat ion of the electrons i n t o  the region o f  
s i g n i f i c a n t  ma n e t i c  f l u x  densi ty w i l l  be on the 
average small !this can be proximated f r o m  the 
analysis gfven by 9obinsonljY. Under the in f luence 
of the crossed e l e c t r i c  and magnetic f i e l d s  the 
e lec t ron  m t i o n  may be separated i n t o  three parts. 
One i s  the h e l i c a l  motion about the magnetic f i e l d  
1 i n s  or guiding centers, the second i s  the d r i f t  
i n  the E x B d i rec t ion .  and the t h i r d  i s  the net  
motion o f  the gu i l d ing  centers across the magnetic 
f i e l d  l i n e s  due t o  momentum exchange co l l i s i ons .  It 
i s  t h i s  t h i r d  motion. t ha t  o f  the d i f f u s i o n  o f  elec- 
t rons across the  f i e l d  l i n e s  tha t  r e s u l t s  i n  the 
discharge current.  Throughout the fo l low ing  
analysis the  e f fec t  o f  the non-Maxwellian e lec t ron  
energy d i s t r i b u t i o n  i n  the b a f f l e  aperture w i l l  be 
neglected. 
aperture may 
and Robinsonlyas 

The d i f f u s i o n  process through the 
modeled as suggested by Kaufman 

r=  n u h  - f i n  (1 1 
where r represents the e lec t ron  f lux vector, D and 
II are tensors which describe the d i f f u s i v i t y  and 
m o b i l i t y  o f  the electrons respect ively,  V i s  the 
plasma po ten t i a l  and n i s  the e lec t ron  number 
density. I na rde r  todescr ibe tnepo lep iece  geometry 
shown i n  Figure 1 a c y l i n d r i c a l  coordinate system 
was used. The magnetic f i e l d  through the  aperture 
w i l l  be approximately p a r a l l e l  t o  the ax i s  of  sym- 
metry o f  the pole piece. This l i n e  o f  symnetry w i l l  
be taken as the Z-axis. The e l e c t r i c  f i e l d  i s  
normal t o  t h i s  and d i rec ted  through the aperture i n  
the rad ia l  d i rec t ion .  b ince the d i r e c t i o n  o f  cuv- 
ren t  f low through the aperture i s  normal tc the 
magnetic f i e l d  l ines,9 Equation (1) may be wb-itten 
i n  one dimension as. 

GNETIC COUPLING ROD 

F a €  PLATE 

R. I 5 9 c m  

I 
I 1 '--SOLENOID 

CATHODE POLE PIECE 

Fig.  1 Cathode pole piece/magnetic 
ba f f 1 e assembly. 

The electron f l ux  r'is re la ted  t o  the current densi ty 

2 
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e '  r, = - 

'ksuming the E ins te in  re la t i on ,  

t o  be v a l i d  we can combine Eqs. ( 2 ) ,  ( 3 )  and (4) 
t o  obtain 

J = ~~1~~ e n z -  JV e a,J dn . 

(3)  

( 4 )  

( 5 )  

This equation re la tes  the  cur ren t  densi ty through 
the aperture t o  the coef f i c ien t  f o r  d i f f u s i o n  
normal t o  the magnetic f i e l d  l i n e s  and the plasm 
parameters i n  t h i s  region. The c lass ic  d l f f u  
s ion coe f f i c i en t  f o r  Maxwell i an  electronsfi i s  
given by 

(6) 

where vC i s  the e lec t ron  momentum exchange c o l l i -  
son frequency and Me i s  the e lec t ron  mass. The elec- 
t ron  cyc lo t ron  frequency WB i s  given by 

where B i s  the magnetic f lux  density. 
magnetic f i e l d  strengths and dens i t ies  i n  the 
aperture region i t  was found that, 

For the 

"B >> 1 
"C 

therefore we moy neglect U: r e l a t i v e  t o  ~6 i n  
Equation (6)  and w r i t e  

kTMe vc 

%lass ica l  = e2B2 

( 7 )  

which y ie lds  the f a m i l i a r  r e s u l t  t ha t  the c lass ica l  
d i f f u s i o n  coe f f i c i en t  var ies as E - ? .  
has been found tha t  a d i f f u s i o n  c o e f f i c i e n t  propor- 
t i ona l  t o  E'' gives be t te r  resu l t s  i n  an i on  
thruster.15 
posed by BohmTi may be w r i t t e n  as, 

However i t  

i s  d i f f u s i o n  c o e f f i c i e n t  f i r s t  pro- 

kT 
%ohm = 16eB . (10) 

Since t h i s  expression i s  uncertain to  a fac to r  o f  
2 o r  3 i t  w i l l  be w r i t t e n  as, 

kT 
DBohm = (11) 

where a i s  a constant cor rec t ion  fac to r .  I n  order 
t o  decide whether Classical o r  Bohm d i f f u s i o n  i s  
ap l i c a b l e  i n  the ba f f l e  aperture region Equation 
(Sp can be solved f o r  the d i f f u s i o n  coe f f i c i en t  t o  
y ie ld ,  

- 1  

D A = j l $ !  % - e e l  dr  . (12) 

Comparison o f  d i f f u s i o n  coe f f i c i en ts  determined 
using measured plasma condi t ions w i th  t b i s  equation 
and using the predict ions o f  Equations (9) and (10) 
w i l l  enable the determination o f  the most appropri- 
a te  d i f f u s i o n  model f o r  the aperture region. 

I n  order to  apply Equation (12) i t  was found 
convenient t o  make a number of s imp l i f i ca t i ons  t o  
f a c i l i t a t e  calcu!at ion o f  many o f  the terms. For 
example the der iva t ives  were approximated f r o m  the 
probe trace data as the Slope of the l i n e  between 
the plasma po ten t i a l s  and dens i t ies  i n  the cathode 
region and those i n  the main discharae region. 
Equation (12) can tnen be used i n  the fonn, 

Figure 2 shows the va r ia t i on  i n  plasma poten t ia l  
through the b a f f l e  aperture f o r  a typ ica l  t e s t  case. 
The dashed l i n e  represents the approximation AV/br 
o f  ';he de r i va t i ve  dV/dr. 
t o  be f a i r l y  good and i s  t yp i ca l  o f  the resu l t s  
obtained f o r  other tes t  condi t ions.  
magnetic flu.< dens i t ies  ( less  than ,.20~10-~ tes la )  
ire the aperture t h i s  method tends t o  overestimate 
the value o f  the de r i va t i ve  and t h i s  a r t i f i c i a l l y  
lowers the calculated d i f f u s i o n  c o e f f i c i e n t  s l i g h t l y .  
This i s  not  a serious problem however since the 
magnetic f i e l d  i n  the aperture o f  J normally opera- 
t i n g  th rus ter  i s  generP;ly wel l  above t h i s  value. 

The approximation i s  seen 

A t  very low 

"I 
.. 

5 3 0  
z w 

B = 59 wuu 

hm * 500 mA EO 
mL . 1 0 0 m A  EO 

W E  102cm 

0 o s  I O  I 5  LO 2 5  3 0  
POSITION ( c m l  

Fiq. 2 Typical v a r i a t i o n  of  plasm? 
poten t ia l  through the b a f f l e  
aperture. 

A s im i l a r  type o f  approximation was made f o r  the 
electron densi ty var ia t ion .  
l i k e  the one shown inFig.L.were'obtainedbymOving d 
Langmuir probe through the aperture region. 
required a la rge  number Langmuir probe traces while 
ca l cu l z t i on  o f  the gradients fo r  Equation (13) re -  
quired only tha t  the di f ferences i n  plasma proper- 
t i e s  measured on e i the r  s ide of  the aperture be 
div ided by the term * r  shown i n  Figure 2 .  Such an 
approximation enables the experimenter t o  ob ta in  
sa t is fac to ry  resu l t s  w i t h  only two Langmuir probe 
measurements a t  each operat ing condi t ion.  
quant i t y  n r  represents phys ica l l y  the thickness o f  
the plasma sheath i n  the aperture region through 
which the electrons are accelerated. I t  i s  the 
distance from the po in t  where the magnetic f l u x  
densi ty beqins t o  r i s e  dramat ical ly i n  the 
cathode discharge reqion t o  the c r i t i c a l  f i e l d  
l i n e  which ca r r i es  the electron; i n t o  the 

Plasma property prr., i l e s ,  

This 

The 

3 
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main discharge region. Figure 3 shows the magnetic 
f lux  densi ty v a r i a t i o n  through a t yp i ca l  aperture. 

0 0.5 1.0 1.5 2.0 2 5  
POSITION (em) 

Fig. 3. Magnetic f l u x  densi ty var ia t ions  
through the ba f f 1 e a per tu re  . 

The data, o f  which both Figures 2 and 3 are ex- 
amples, suggested tha t  t h i s  distance A r  could be 
approximated w i th  reasonable accuracy as the 
aperture gap dimension w. This approximation was 
therefore used i n  the analysis of most of the ddta. 
The cur ren t  through the b a f f l e  aperture, I ,  re -  
quired i n  Equation (13) i s  simply the arc current 
minus the beam current, 

I 'Arc 'Beam 

The temperature through the aperture wh i le  n o t  
being constant was nevertheless approximated by 
an average temperature which attempts t o  account 
f o r  the energy o f  the primary electrons, i.e., 

(15) 2 
where TCathode and Thin are the Maxwellian elec- 
t ron  temperatures i n  the cathode and main discharge 
regions respect ively,  and Ep i s  the primary elec- 
t ron  energy. The e lec t ron  densi ty i n  the aperture 
was taken t o  be the  average derlsi ty  measured by 
the two probes, nAvg. 

B a f f l e  Aperture Model 

the magnetic f l u x  densi ty and plasma propert ies i n  
the aperture w i l l  now be derived. The developnent 
can be based on e i t h e r  the Classical o r  Bohm d i f f u -  
s ion models, and because both developments a re  
s im i la r  on ly  the one using the Bohm d i f f u s i o n  co- 
e f f i c i e n t  w i l l  be given here. Substf tut ing the 
expression f o r  Bohm d i f f u s i o n  i n t o  Equation (5)  
y ie lds ,  

An expresslon r e l a t i n g  the aperture area t o  

kT J'm 
This expression can 

16a JB 

In tegra t ion  o f  t h i s  

be rearranged t o  ob ta in  

d r  = nedV - kT dn . (17) 

equation over the aperture 
po ten t i a l  sheath gives, 

16a JBdr = e ndV - k Tdn . (18) 

To introduce the b a f f l e  aperture geometry i t  i s  
assumed tha t  the current densi ty i s  constant over 
the sheath thickness, i .e., 

(19) J = -  I 
ABd f 

where I represents the cur ren t  through the aperture 
and Asa i s  the open area o f  the aperture. Substi-  
t u t i n g  [quation (19) i n t o  Equation (18) we have, 

(20) I 160 - 
f 

Bdr = e I ndV - k I Tdn 

which can be solved f o r  the b a f f l e  area t o  obtain, 

16u (,)I I Bdr 

k (21 1 
(ABaf)Bohm - IndV - - e 1 Tdn 

where the subscr ipt  Bohm re fe rs  t o  the fac t  t ha t  
Bohm d i f f u s i o n  was used i n  the der iva t ion .  I f  in -  
stead c lass ica l  d i f f u s i o q  i s  used the r e s u l t  i s  

An in te res t i ng  feature o f  Equation (21) i s  the 
appearance o f  the term JBdr which has been used w i th  
some success i n  the modeling of prim ry e lec t ron  
containment f o r  mu l t i po le  thrusters.P2 Equation (22) 
d i f f e r s  from Equztion (21) i n  tha t  the i n t e  r a l  
IBdr  i n  Equation (21) has been replaced by qB2dr and 
the term (16a/e) was replaced by (1  /vcMe). 
der iva t ion  o f  Equation (22) the c o l l i s i o n  frequency 
was assumed constant over the region of in te res t .  

The use o f  the c lass ica l  d i f f u s i o n  c o e f f i c i e n t  
requires the evaluat ion o f  the e lec t ron  momentum 
exchange c o l l  i s i o n  frequency. 
the aperture we need consider only electron-neutral  
and electron- ion e las t i c  co l l i s i ons .  The e lec t ron-  

In the 

For d i f f u s i o n  through 

neutra c o l l i s i o n  frequency, wen was approximated 
us i  ng ,Is 

'en * 'nQn (23) 

where nn i s  thenumberdensity o f  neutrals, which 
can beevaluated f r o m  the theorydeveloped byWi lbur . lg  

i s  the r e l a t i v e  ve loc i t y  o f  the c o l l i d i n g  
Qn f s  the electron-neutral  c o l l i s i o n  cross section, 
and 
par t i c les .  
t o  the average thermal ve loc i t y  o f  the electrons 
given by 

The r e l a t i v e  ve loc i t y  i s  assumed equal 
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The e lec t ron- ion  c o l l i s i o n  frequency vel. was eval- 
uated fT8 the expression given by Ho l t  and 
Haskell , 

0.83T3I2 v = -  e i  n i m  

where n i  i s  the i on  number densi ty and A i s  the 
non-dimensional p l a f v  sh ie ld ing  distance which can 
be ca lcu la ted  from, 

T3 /2  

ni ' I 2  tnh = en [12.4x103 ] . (26) 

I n  order t o  ca lcu la te  the b a f f l e  aperture area 
from Equations (21) o r  (22) several in tegra ls  must 
be evaluated. However most o f  the informat ion 
necessary t o  evaluate these in teg ra l s  would not be 
ava i lab le  t o  someone designing a th rus ter .  I n  
order t o  make these equations more useful the f o l -  
lowing s imp l i f i ca t i ons  were made. 
lTdn and JndV the average quan t i t i es  TAvg and nAv 
as defined previously were used so the temperaturs 
and densi ty could be moved outside the in tegra l  t o  

For the i n teg ra l s  

give, 
lTdn = TAvg An 

lndV : nAvg A V  . 
I t was also necessary t o  evaluate the i n t e  r a l  o f  
the magnetic f l ux  densi ty i n  Equations (217 and 
(22) .  
obtained w i th  the pole piece geometry used i n  these 
tes ts  the approximation 

For the f a i r l y  wel l  confined magnetic f i e l d  

JBdr BAr (29) 

was a lso  made, where the B on the r i g h t  hand side 
o f  t h i s  equation was the value o f  the magnetic f lux  
densi ty a t  the center o f  the aperture. However 
w i th  other pole piece conf igurat ions i t  may be 
necessary t o  evaluate t h i s  i n teg ra l .  This could 
be accomplished by making magnetic f l u x  densi ty 
measurements through the aperture along a path 
perpendicular t o  the f lux densi ty vectors. Com- 
b in ing  Equations (14). (27). (28) and (29) along 
w i th  Equation (21) y ie lds  the s imp l i f i ed  equation 
used to  ca lcu la te  the b a f f l e  area f o r  the Bohm 
d i f f us ion  model, 

The corresponding r e s u l t  f o r  c lass ica l  d i f f u s i o n  
i s  e 

('Arc - 
- * (31) 

Apparatus 

Magnetic B a f f l e  

A l l  experiments per ta in ing  t o  t h i s  study were 
car r ied  out on a 14 cm dia.  rad ia l  f i e l d  th rus ter .  
The th rus ter  was equipped w i th  the pole plece 
assembly shown schematical ly i n  Figure 1. For these 

tes ts  the  cathode po le  piece outer diameter was held 
constant a t  3.18 cm and the wal l  and b a f f l e  p l a t e  
thicknesses were both 0.32 cm. The magnetic b a f f l e  
assembly o f  Figure 1 provided separate cont ro l  over 
the magnetic f i e l d  strength i n  the aperture through 
the use o f  a 12 tu rn  magnetic b a f f l e  solenoid. The 
magnetic coupling rods shown were lnade o f  s o f t  i r o n  
and were of s u f f i c i e n t  cross sect ion t o  assure tha t  
the magnetic flu.. through the rods was wel l  below 
the sa tura t ion  po in t  a t  the maximum solenoid current.  
Control of the magnetic f i e l d  strength i n  the main 
discharge region was accomplished through the use o f  
8 r a d i a l l y  or iented electromagnets. 
cathode pole piece was p a r t  o f  the main th rus te r ' s  
magnetic c i r c u i t ,  increasing the current through the 
rad ia l  nagnets increased the magnetic f i e l d  strength 
i n  the aperture region as we l l  as the main discharge 
region. However changing the f i e l d  strength i n  the 
aperture by using the b a f f l e  solenoid d i d  not s ign i -  
f i c a n t l y  change the magnetic f i e l d  i n  the main d i s -  
charge region. Magnetic f l u x  dens i t ies  i n  the center 
o f  the aperture ranging from 9x10-" t o  120x10-" t es la  
could be establ ished using e i the r  the b a f f l e  o r  the 
rad ia l  magnets. 
shown i n  Figure 1 was choosen f c r  t h i s  study because 
i t  provided a magnetic f i e l d  whose l ines-of- force 
were near ly pa ra l l e l  t o  the Z-axis and conceJtrated 
mainly i n  the ba f f l e  aperture. Thib being the case, 
i t  would be expected tha t  a p l o t  o f  the magnetic 
f i e l d  strength component i n  the Z-d i rec t ion  as a 
func t ion  o f  the rad ia l  pos i t i on  through the aperture 
would be ra ther  peaked i n  the v i c i n i t y  o f  the gap. 
Figure 3 i s  such a p lo t ,  where IR i s  the rad ia l  
electromagnet current and IBaf i s  the b a f f l e  magnet 
current.  These f igures  do show the magnetic f i e l d  
te.-tds t o  be concentrated i n  the aperture Region. 
The measurements f o r  Figure 3 were taken w i th  the 
gap spacing, i.e.. the distance from the downstream 
edge o f  the cathode pole piece t o  the upstream edge 
o f  the b a f f l e  p la te  ( W  i n  Figure 1). equal t o  
1.02 cm. 
tes ts .  Since the la rger  gap s i r e  rpsu l ted  i n  
greater spreading o f  the magnetic f i e l d ,  the curves 
i n  Figure 3 correspond t o  the case having the f i e l d  
l i n e s  spread over the greatest  distance of any tha t  
were invest igated. 
amount o f  t h i s  spread inf luences the thickness of 
the plasma sheath through the aperture, and since 
the approximations o f  the der iva t ives  are be t te r  f o r  
small hr i t  was considered desirable f o r  t h i s  study 
t o  have the magnetic f i e l d  spread out as l i t t l e  as 
possible. 

Since the 

The pole p iece /ba f f le  geometry 

This was the la rges t  spacing used i n  the 

Since i t  was bel ieved tha t  the 

Probes -_ 
Two c y l i n d r i c a l  Langmuir probes were used to  

measure the plasma propert ies on each side o f  the 
aperture. 
diameter tantalum wire 0.076 cm long, and was po- 
s i t i oned  a t  a rad ia l  distance approximately equal 
t o  the keeper radius a t  the midpoint o f  the aperture 
gap: Because the plasma propert ies i n  the cathode 
region are f a i r l y  uni form the pos i t ion ing  o f  the 
cathode probe was no t  c r i t i c a l ,  thus i t  was placed 
f a i r l y  near the center l ine  t o  assure tha t  i t  was no t  
i n  the region o f  plasma heating. Th- main discharge 
region probe was a 0.076 cm diameter \ - i r e  0.123 cm 
long. The pos i t ion ing  o f  both probes can be seen i n  
Figure 1. The main discharge region probe could a l -  
so be swept r a d i a l l y  through the aperture and 
several measurements o f  plasma propert ies as a 
func t ion  o f  the r a i i a l  distance tdough  the aperture 

The cathode region probe was a 0.076 cm 

5 
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were made. The probe traces were analyzed us ing 
a computer program developed by Beattie.17 

Data Co l lec t ion  

Extensive plasma property measurements were 
made us ing the cathode reg ion and maiq discharge 
reg ion probes over a wide range o f  operat ing con- 
d i t ions .  Three d i f f e r e n t  baf f le  aperture areas 
were probed. A s u m r y  o f  the values o f  the im- 
por tant  var iab les f o r  each t e s t  i s  l i s t e d  i n  
Table I .  

Table I 
Test Conditions 

Test Aperture Gap Main Cathode Arc Range o f  
NO. Area Spacing f low Flow Cur. Peak Mag. 

[m2] w[cm] Rate Rate [Amp] Flux Density 

[lo'" tes la ]  
[nAEql[mA Ed i n  Gap 

1 5.71~10'" 0.64 650 165 4.50 9-111 
2 6.85~10'" 0.76 500 100 3.50 15-107 

3 9.14~10-" 1.02 500 100 3.50 13-88 
4 9.14~10-" 1.02 400 BO 3.50 13-100 

The screen and accelerator  g r i d  voltages were held 
a t  +lOOOv and -5OOv respect ive ly  and the cathode 
pole piece diameter was 3.18 cm f o r  a l l  tests. 
Before each t e s t  the aper ture area was s e t  by ad- 
j u s t i n g  the gap spacing. Ouring the  data co l lec -  
t i o n  the arc  current, cathode f low r a t e  and main 
flow r a t e  were maintained approximately constant. 
The magnetic f i e l d  f ie ld -s t rength  i n  the aper ture 
was var ied by changing the currents  through the 
r a d i a l  and b a f f l e  electromagnets and t h i s  caused 
the discharge voltage t o  change. A t  each f i e l d  
s t rength s e t t i n g  two Langmuir probe traces were 
taken, one w i th  the cathode reg ion probe and the 
o ther  w i t h  the main discharge reg ion probe. The 
parameters describing the operating cond i t ion  (arc  
current, arc  voltage, beam current  and keeper 
vol tage) were a1 so recorded. 

.-_~ Results and Discussion 

I t  was o f  i n t e r e s t  f i r s t  t o  determine i f  Bohm 
o r  c lass ica l  d i f f u s i o n  appl ies t o  the process o f  
e lec t ron  f low through the b a f f l e  aper ture area. 
The d i f f u s i o n  c o e f f i c i e n t  was experimental ly de- 
termined by using the Langmuir probe t race data 
obtained w i t h  the two probes i n  Equation (13). 

As suggested prev ious ly  evaluation of t h i s  equation 
was accomplished by s e t t i n g  the sheath thickness 
(hr) equal t o  the aper ture gap spacing (w) on the 
basis t h a t  t h i s  approximated the experimental s i t u -  
a t i o n  adequately. This experimental d i f f u s i o n  co- 
e f f i c i e n t  along w i t h  the predic t ions from the Bohm 
and c lass ica l  theor ies are shown i n  Figure 4. This 
f i g u r e  cdritains on ly  the points  obtained under t e s t  
number 1 i n  Table I .  However the Bohm d i f f u s i o n  
c o e f f i c i e n t  was seen t o  g ive good resu l ts  i n  a l l  
cases when a constant correct ion fac to r  of II = 2.6 
was used. Here Bohm d i f f u s i o n  seems t o  apply even 

0 

w - 064cm 
m, - 650 m& Ea  
m. a 165mA EO 

MAGNETIC FLUX DENSITY ( XIO- '  TESLA) 

Fig. 4. Comparison o f  the experimental ly 
determined d i  f fus ior l  c o e f f i c i e n t  
w i t h  the Bohm and c lass ica l  
theories. 

a t  low magnetic f i e l d  strengths, but i n  some o f  the 
other sets o f  data not  presented here a case could 
be argued f o r  c lass ica l  d i f f u s i o n .  In a l l  sets of 
data a t  the higher magnetic f i e l d  strengths the 
d! f fus ion c o e f f i c i e n t  fol lowed the Bohm theory more 
c lose ly  than the c lass ica l  one. This observation 
i s  i n  agreement w i t h  the resu l ts  o f  Wells.9 The 
c l a s s i c a l l y  determined c o e f f i c i e n t  was t y p i c a l l y  an 
order o f  magnitude too smal 1 .  

The aperture areas ca lcu lated from Equations 
(30) and (31) are p l o t t e d  against the magnetic f l u x  
densi ty  i n  the aperture i n  Figures 5. 6 and 7.  
I d e a l l y  the ca lcu lated area should be independent 
o f  the f l u x  densi ty  since i n  each case the area was 
held constant as the magnetic f i e l d  s t rength was 
varied. For each o f  the three d i f f e r e n t  areas 
tested the model using Bohm d i f f u s i o n  showed ex- 
c e l l e n t  agreement w i t h  the actual area. The s o l i d  
l i n e s  i n  these f igures represent the s t a t i s t i c a l  
average o f  the Bohm points  on ly  and the dashed l i n e s  
represent the standard dev iat ion.  I n  a l l  caSes the 
c lass ica l  theory fa i ledbad ly .  1n:ome instances i t  was 
of fbyasmuchas twoordersofmagnitude and showed a 
strong dependence on the magnetic f l u x  densi ty .  The 
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Fig. 5. Comparison o f  areas ca lcu late0 
w i t h  the Bohm and Classical 
theories f o r  an actual  area 
o f  5.71x10-"m2. 

explanation f o r  t h i s  behavior can be traced back t o  
Figure 4 and the f a i l u r e  o f  the c lass ica l  d i f f u s i o n  
c o e f f i c i e n t  t o  f i t  the experimental data. The end 
r e s u l t  o f  t h i s  e f f o r t  can be seen i n  Figure 8 which 
shows the average ca lcu lated b a f f l e  area using the 
Bohm di f fus ion model p l o t t e d  against the -Jtual 
b a f f l e  area. The s o l i d  ! ine  represents t !z l i n e  
o f  per fect  c o r r e l a t i o n  and the e r r o r  bars ind ica te  
the standard dev iat ion represented prev ious ly  as 
the dashed l i n e s  i n  Figures 5, 6 and 7.  
r e l a t i o n  i s  remarkably good considering the number 
o f  s imp l i f i ca t ions  used. 

Agpl i c a t i o n  

model i s  i n  order. Equation (30) is  r e w r i t t e n  here 
f o r  convenience, w i t h  the subscript Bchm dropped 
and the l i n e  i n teg ra l  of the magnetic f l u x  densi ty  
through the aperture restored, 

The cor- 

F i n a l l y  a descr ip t ion  o f  how t o  apply t h i s  

I t  i s  seen that. i n  order t o  ca lcu la te  the aperture 
area the user must determine a p r i o r i  the  value of  
each o f  the quant i t ies  on the r i g h t  hand side o f  

o mnu 
e CLASSICAL 

0 1  I 
0 20 40 80 80 loo 120 

MAGNETIC FLUX DtNSlTY I xIO-' TESLA] 

Fig. 6. Comparison o f  areas ca lcu lated 
w i t h  the Bohm and Classical 
theories fur an actual  area 
o f  6 . 8 5 ~ 1  O - W ,  

"I 

-A 

I t . ,  , , , 

01 
0 M 4 0  60 eo 100 I20 

MAGNETIC FLUX DENSITY I I I O - '  TESLA) 

Fia. 7 .  Comparison of  areas ca lcu lated 
w i t h  the bmn and Class ica l  
theories f o r  an actual area 
o f  9.14xlO-"m:. 
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0 0.2 0.4 0.6 0.0 
ACTUAL BAFFLE AREA ( xlO'amL) 

0 
1.0 

Fiq. 8. Comparison of  the calculated 
ba f f le  area t o  the actual  
baf f le area. 

t h i s  equation. An important assumption which must 
be made now i s  tha t  the value o f  the cor rec t ion  
factor, a = 2.6, which was used with success i n  t h i s  
study, can be used f o r  any th rus ter  w i t h  any cathode 
pole piece geometry. Although t h i s  assumption has 
not been tested as ye t  i t  seems j u s t i f i a b l e  on the 
grounds tha t  the mechanism o f  e lec t ron  d i f f u s i o n  
through the b a f f l e  aperture should be s i m i l a r  f o r  
other aperture configurations. The designer o f  a 
t h n s t e r  w i l l  know i n  general from other considera- 
t ions  the values of the beam current, arc current, 
primary e lec t ron  evergy and the densi ty a t  which 
the th rus ter  should operate. The densi ty o f  the 
main discharge region could be used as a f i r s t  order 
approximation f o r  the average plasma densi ty i n  the 
aperture region ("Av ). Further, the magnetic f l u x  
densi ty and conf igur8 t ion  o f  the 1 ines-of-force i n  
the aperture region w i l l  be under h: ,  cont ro l .  
Using a physical model o f  the magnetic c i r c u i t  f o r  
the aperture region the magnetic f i e l d  through the 
rper tu re  can be mapped with a gaussrneter and the 
l i n e  in tegra l  o f  the f l u x  densi ty can be calculated. 

Next i t  i s  a?propriate t o  consider the r e l a t i v e  
magnitudes o f  the po ten t ia l  and densi ty gradient 
d r i v i n g  t e n s  i n  Equation (32). 
i s  desirable t o  determine i f  some s imp l i f i ca t i on  
can be made here which would make the model more 
useful t o  a designer. This i s  necessary because 
the densi ty gradient across the aperture would i n  
general not  be known before a th rus ter  was b u i l t  

In  pa r t i cu la r  i t  

and tested. Fortunately i t  can be shown tha t  the 
r a t i o  o f  the vol tage gradient term t o  the densi ty 
gradient term i c  approximately a constant regard- 
less o f  the p reva i l i ng  magnetic f l u x  density, flow 
rates, b a f f l e  aperture area o r  discharge current.  
The absoldte value o f  t h i s  r a t i o  w r i t t e n  as, 

e2n A V  

Id a r  

vol tage gradient term k-T i\7; en a 
ens i t y  gradient term I = 1-1 e -  = ~m An1 (33) 

i s  p l o t t e d  against  the magnetic f l u x  densi ty i n  the 
aperture i n  Figure 9 for a l l  t e s t  cases. The s o l i d  
l i n e  represents the average value and the dashed 
l i n e s  represent the standard deviat ion. Consider- 
able sca t te r  i s  evident i n  the data. However t o  a 
f i r s t  approximation the r a t i o  i s  independent o f  
the var iables considered important i n  the b a f f l e  
aperture d e l .  
term kTAn t o  be approximated by -&nAV f o r  any 
coabination o f  aperture area, magnetic f l u x  densi ty 
and flow r a t e  invest igated i n  these tests.  No 
phys tca l  j u s t i f i c a t i o n  of t h i s  observation has 
been iden t i f i ed .  

age d i f fe rence acrocs the aperture. 
voltage di f ference through which the electrons are  
accelerated to  become primary electrons. I f  the  
plasma poten t ia l  i n  the cathode discharge region 
can be approximated by the keeper voltage. 
(VKeoper) and the plasma poten t ia l  i n  the  main 

This important r e s u l t  al lows the  

A l l  t ha t  remains now i s  t o  determine the  vo l t -  
I t  i s  t h i s  

rlal m m I d  €0) & ( a A  E01 
0 064 650 1 8 5  
0 076 500 I00 

0 J I O 2  500 la,  

I3 l o 2  400 80 

0 0  
n 

I- : I  
1 

20 40 80 80 M) 1.20 
U' 0 
0 

MAGNETIC FLUX DENSITY ( XIO-4 TESLA) 

Fig. 9. Comparison o f  the voltage gradient 
term t o  the densi ty gradient term. 
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discharge region by the arc voltage (!Arc), then 
the vol tage d i f fe rence across the sheath could be 
determined using 

F i n a l l y  now we can w r i t e  Equation ( 3 0 )  i n  the 
form i n  which i t  w i l l  be most useful  

A' = YAK - 'Keeper 

I f  t h i s  i s  va l id ,  then t h i s  d i f f e rence  should a lso  
be equal t o  the energy gained by the primary elec- 
trons a f t e r  being accelerated through the aperture 
sheath. Figu-e 10 i s  a p l o t  o f  the primary elec- 
t ron  energy against  the di f ference between the 
arc vol tage and the keeper voltage. inc lud ing  data 
frun a l l  the t e s t  cases. The s o l i d  l i n e  represents 
the  l i n e  obtained fm a l i n e a r  l eas t  squares curve 
f i t and i t  has a co r re la t i on  coe f f i c i en t  o f  r-0.92. 
The slope o f  the curve f i t l i n e  i s  seen t o  be very 
c lose t o  one. The dashed l i n e  represents the l i n e  
obtained i f  the primary e lec t ron  energy was equal 
t o  t h i s  vol tage d i f fe rencr .  
these l i nes  the  d i f fe rence between them i s  about 
2 eV which i s  approximately the temperature o f  the 
electrons i n  the  cathode region plasma. 

A t  any po in t  along 

rlcrl & l n A E O l  h , ImAEOl  
0 ow 650 165 

o o m  So0 m 
0 lo2 500 la, 

4 lo2 400 80 

ARC aLTAGE MINUS WEEPER VOLTIGE I r o 1 1 ~  I 

Fig. 10. Primary e lec t ron  energy as a 
funct ion o f  the di f ference 
between the arc and keeper 
voltages. 

This i s  the form o f  the equation which was used t o  
generate Figures 5-8. 

Conclusions 

Therefore i t  appears that  the voltage across the 7 .  
aperture sheath may be accurately approximated by 
the d i f fe rence between the arc voltage and the 
keeper voltage. 
main discharge res ion  plasma poten t ia ls  w i l l  d i f f e r  

the keeper and anode sheath po ten t ia ls .  
l y ,  however, the d i f fe rence caused by these sheaths 
cancel. 

'n r e a l i t y  the cathode region and 

Apparent- 
from the keeper and arc vol tages respect ively by 8 .  

9 

The d i f f u s i o n  of e lectrons through the b a f f l e  
aperture o f  a hol low cathode ion  th rus ter  c lose ly  
fo l lows the Bohln d i f f u s i o n  theory when a cor rec t ion  
fac to r  equal t o  2.6 i s  used. Classical  theory 
underestimates the d i f f us ion  coe f f i c i en t  by t y p i c a l l y  
an order of  n r p i t u d e .  Applying the Bohn d i f f u s i o n  
theory i t  i s  possible t o  ca l cu la te  the aperture area 
required t o  e f fec t  discharge chamber operat ion a t  a 
spec i f ied  discharge vol tage and current.  The areas 
ca lcu la ted  by t h i s  model using Langnuir probe trace 
data from an operating th rus ter  agreed we l l  w i th  
the actual  ba f f le  areas. The dominate physical 
fo rce  dr!ving electrons through the aperture was 
i d e n t i f i e d  as the e l e c t r i c  po ten t i a l  gradient. The 
e lec t ron  densi ty gradient resu l t s  i n  a force tha t  i s  
about one-fourth o f  the e l e c t r i c  f i e l d  force. The 
energy gained by :k electrons ( i n  eV) as they are  
accelerated across the b a f f l e  aperture sheath i s  
approximately equal t o  the d i f fe rence between the 
arc voltage and the keeper voltage. Therefore the 
value o f  the po ten t ia l  r i s e  through the b a f f l e  
aperture can be approximated using t h i s  di f ference. 
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A HODn FOR NITROGFN CHEMISORPTION I N  IOW THRUSTERS* 

Paul J.  Ni lbur+ 
Cebrado State Univers i ty  

Fo r t  Coll ins, Colorado 

Abstract 

A t heo re t i ca l  -del descr ib ing the fornat ion 
of nitrogen s p e c i r  subject to chemisorption on i o n  
thruster  discharge chaaber surfaces i s  presented. 
M~lecules.  atoms, a tua ic  ions and molecular ions 
are i d e n t i f i e d  as the important species i n  the 
analysis. Current densi t ies o f  the atamic and 
molecular ions predicted by the model are compared 
to current  densi t ies measured in the beam o f  a 
SmT I1 thruster.  
values of these two current densi t ies are shown to  
agree within abotit ? 1002. The mechanism in- 
volved i n  the erosion o f  a surface subjected to 
s iu l t aneous  n i t rogen chemisorption and sput ter  
erosion by high energy ions are a l so  discussed. 

The predicted and measured 
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Rate Factor-Density Product f o r  Primary plus 
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Probab i l i t y  o f  S t r i k i n g  a Sputter ing S i t e  
Affected by a Nitrogen A t o m  

St ick ing P robab i l i t y  
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Accelerator Gr id  Open Area 

A t  cathode po ten t i a l  

E f f e c t i v e  Open Area of Gr id  Pa i r  to Weutral 
Pa r t i c l es  

Sputter inducing mercury ions 

k w e l l i a n  Electron 

Primary Elect ron o r  Primary Electron Region 

Screen Grid Open Area 

Discharge chamber Val1 

In the Vacuum Tank 

Atomic Ni t rogen 

Molecular Nitrogen 

Atomic Nitroqen Ion 

Molecular Nitrogen Ion 

Sputter ing S i t e  m e r e  the E f fec t  o f  Nitrogen i s  
Fe l t .  

Yhen n i t rogen i s  present i n  the discharge 
chamber o f  an ion thruster  i t  i s  known t o  reduce 
the erosion rates o f  thruster  c0mponents.l 
ground based q u a l i f i c a t i o n  tests  o f  ion  thrusters  
t h i s  phenomenon i s  undesirable because i t  r e s u l t s  
in  greater component l i f e t i m e  measurements than 
those tha t  would be observed i n  the space environ- 
ment where ni t rogen i s  not present. On the other 
hand one can envis ion an operat ing mode wherein 
n i t rogen might be ca r r i ed  on an e l e c t r i c a l l y  pro- 
pe l l ed  Spacecraft so i t  could be supplied t o  the 
discharge chamber dur ing operation to extend the 
l i f e t i m e  a f  c r i t i c a l  thruster  components. It i s  
des i rab le t o  have a theoret ica l  model descr ib ing 
the change i n  sput ter ing rates ef fected by the 
presence o f  n i t rogen i n  the discharge chamber so 
one can compute the associated changes i n  canwnent 
l i f e t i m e s  that  could be expected e i t h e r  fn  space or 
dur ing a ground test .  The purpose of  t h i s  paper i s  
t o  develop a po r t i on  of  that  model; namely tha t  
po r t i on  descr ib ing the a r r i v a l  r a t e  o f  reac t i ve  
n i t rogen species on the discharge chamber wal ls.  
Results predicted by the model w i l l  be compared 
w i t h  sane experimental measurements. Further, the 
means by which resu l t s  given by tne d e l  might be 
used t o  compute var ia t ions i n  sput ter ing rates 
caused by n i t rogen impur f t ies w i l l  be suggested. 
The amount o f  nitrogen. which would have t o  be 
ca r r i ed  on board a spacecraft t o  b r i ng  about a 

For 

1 
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substant ia l  reduct ion i n  discharge chamber sputter-  
I ng  ra tes  i s  estimated using th erosiot i . rate ddta 
given by Rawlin and Wntenieks.? This analysis i s  
contained i n  the Appendix. 

Physical Processes 

nitrogem enters the  discharge chaRber as molecular 
nitrogen through the grids. M l e c u l a r  n i t rogen 
exh ib i t s  a low p robab i l i t y  o f  being chemical ly 
adsorbed on th rus ter  mater ia ls  compared t o  other 
more reac t ive  species so i t s  r a t e  o f  chemisorption 
w i l l  be neglected i n  t h i s  analysis.2 Holecular 
nitrogen. which i s  present i n  the discharge chamber 
i n  the highest concentrat ion o f  any ni t rogen specie, 
i s  however subject t o  e lec t ron  bornbardnent and the 
species r e s u l t i n g  frum these in te rac t ions  general ly 
do e x h i b i t  a h igh  adsorption probab i l i t y .  
species produced include atamic ni t rogen and atomic 
ni t rogen ions both o f  which are  h igh l y  reac t i ve  and 
exh ib i t  a chemisorption p robab i l i t y  near unity when 
they s t r i k e  an unsaturated surface. As a surface 
becanes saturated w i th  chemisorbed n i t rogen however 
inc ident  atoms and atomic ions would probably be 
held only f o r  the time necessary t o  form molecular 
ni t rogen which would be released back i n t o  the d i s -  
charge chamber. HDlecular ni t rogen ions are  also 
formed i n  the discharge chamber and they can a l so  
be chemisorbed i n t o  a metal surface i f  they can 
acquire a s u f f i c i e n t l y  high k i n e t i c  energy wi th 
which t o  impact a th rus ter  surface.3 
thrusters, molecular ni t rogen ions acquire energies 
on the order of 30-4Ov as they pass from the bulk 
plasma to  cathode po ten t ia l  surfaces and t h i s  i s  
su f f i c ien t  t o  f a c i l i t a t e  t h e i r  d issoc ia t ion  upon 
impact and subsequent chemisorption. 
energy range the s t i c k i n g  p robab i l i t y  f o r  molecular 
ions on molybdenum i s  f o r  example about 50%. 
Molecular ni t rogen ions s t r i k i n g  anode surfaces 
w i l l  general ly no t  s t i c k  and they w i l l  therefore 
come back o f f  as neutral  mo!ecular ni t rogen. Other 
species such as metastable ni t rogen species would 
be expected t o  behave as molecular ni t rogen so they 
w i l l  be neglected i n  t h i s  a n a l y ~ i s . ~  
process which can be important i n  some cases in- 
volves energetic electrons (>lOeV) s t r i k i n g  
phys ica l l y  adsorbed molecular nitrogen.4 This 
mechanism should no t  be important i n  th rus ters  be- 
cause electrons s t r i k i n g  the cathode po ten t ia l  sur- 
faces which are o f  i n te res t  here do no t  have 
su f f i c i en t  energy t o  e f f e c t  d issociat ion.  

atomic ni t rogen present i n  the metal apparently 
enhances the sput te r  resistance of the base metal 
i n  the surface. When the surface i s  impacted by 
a i  energetic i on  and ni t rogen i s  dislodged i t  
appears to leave the surface i n  the atomic state.4 
This sput te r ing  would of  course be expected t o  
occur from cathode po ten t ia l  surfaces where the 
energies o f  sputter ing ions are substant ia l  and 
i t  would no t  be expected from anode po ten t ia l  sur- 
faces where the energies o f  spu t te r ing  ions are  
much lower. 

Durina ground based tes t i ng  o f  i o n  th rus ters  

The 

I n  i o n  

I n  t h i s  

Another 

Once ni t rogen chemisorption has occurred. 

The species which have been i d e n t i f i e d  as im- 
portant i n  the ni t rogen chemisorption process are 
atoms, atomic ions and molecular ions. These 
species are considered i n  t h i s  analysis t o  be pro- 
duced i n  the discharge chamber as a consequence of 
the fo l low ing  reactions: 

t 

2 2 
N + e  -c N + 2 e  

N + e  + N + N + + ~ ,  
2 

N + e  -c 2 N i e  (3 )  
2 

N + e  + ~ + + 2 e  (4) 

The f inal reac t ion  might be considered q u i t e  
u n l i k e l y  i n i t i a l l y  because the  atomic n i t rogen 
densi ty wwld be expected t o  be substan- 
t i a l l y  less  than the molecular ni t rogen density. 
The reac t ion  i s  s i g n i f i c a n t  here however because o f  
i t s  cmpara t i ve l y  high cross section. 
inducing the react ions given above w i l l  i n  t h i s  
analysis be assvmed t o  f i t  the two-group nodel 
(monoenergetic plus Chxwell ian) general ly appl ied 
t o  mercury i o n  th rus ter  plasmas. 

The electrons 

Theoretical Development 

I n  order t o  ca lcu la te  the cur ren t  dens i t ies  o f  
the various species which are chemisorbed on the 
th rus ter  walls i t  w i l l  be necessary to determine 
the densi ty o f  n i t rogen i n  the discharge chamber. 
For the case where a th rus ter  being ground tested 
i s  considered. t h i s  i s  determined by a ni t rogen 
balance equating i n f l ow  and ou t f low through the  
g r ids  t o  and from the vacum tank. Figure 1 i s  a 
schemltic diagram o f  the vacuum tank and discharge 
chamber. I n  the vacuum chamber the ni t rogen m l e -  
cu la r  densi ty (no) can be re la ted  t o  the n i t rogen 
p a r t i a l  pressure !po) and the tank wal l  temperature 
(To) through the perfect  gas equation 

( PO n = -  

To 
0 

where k i s  Boltzmann's constant. It has been i s -  
sumed here tha t  the molecules are  i n  good thennal 
comnunication w i t h  the tank wa l ls  so they e q u i l i -  
b ra te  a t  the tank w a l l  temperature. 

9, 

'c 

t 

Figure 1. Nitrogen Flow Schematic 

The f low r a t e  o f  n i t rogen atoms i n t o  the 
th rus ter  ( '  ) i s  given by the equation f o r  f ree  
molecular a o w  throuph a sCarD-edaed o r i f i c e .  

where A, i s  the open area o f  the accelerator g r i -  

2 
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and v0, the  mean molecular ve loc i ty ,  i s  given by 

(7) 

The quant i t y  m i s  the mass o f  a n i t rogen molecule. 

As a r e s u l t  o f  e lec t ron  bombardment w i t h i n  the  
discharge chamber, n i t rogen molecules (N2) w i l l  be 
converted t o  molecular ions (N: 1, atomic ions  (e) 
and atoms (N) and these species w i l l  reach equil i- 
b r i m  dens i t ies  n2. n2+, n+ and n1 respect ively.  
The equivalent loss r a t e  o f  n i t rogen atoms (n) f r o m  
the discharge chamber as a r e s u l t  o f  m igra t ion  o f  
each o f  these species through the  g r ids  w i l l  then 
be given by 

= 2 j A + 2 j2+ AS + j+As + j, Ae a (8) 2 e  

The symbols j,. j2+, j and j, represent respective- 
l y  the p a r t i c l e  cur ren t  dens i t ies  o f  n i t rogen mole- 
cules, molecular ions, atomic ions and atoms toward 
the gr ids.  The quant i t y  A s * i s  the e f f e c t i v e  open 
area o f  the  screen g r i d  t o  ions and A i s  the e f fec-  
t i v e  open area o f  the screen and acceeerator g r i d  
p a i r  t o  neutral  f low froni the discharge chamber *o 
the tank. This l a t t e r  e f fec t i ve  open area i s  de- 
termined by considering the e f f e c t i v e  resistance t o  
f low f o r  the two-grid system t o  be equal t o  the sum 
o f  the resistances o f  each separate g r i d  and i s  
aiven bv 

(9) 

The area given by t h i s  expression i s  being used be- 
cause i t  seems t o  y i e l d  c loser  agreement with ex- 
per imental ly determined neutral  loss ra tes  through 
an accelerator s stem than the accelerator g r i d  
open area alone.396 

Tine cur ren t  dens i t ies  o f  the various species 
i n  Eqn. (8) can be determilied by considering each 
specie separately. The neutral  molecules are  as- 
sumed t o  be uni formly d i s t r i bu ted  throughout the 
discharge chamber and t o  have a Maxwellian ve loc i t y  
d i s t r i b u t i o n  corresponding t o  the th rus ter  wa l l  
temperature (Tw). Hence the molecular cur ren t  
densi ty (j2) i s  

Molecular ni t rogen ions are produced w i t h i n  
the primary e lec t ron  region o f  the th rus ter  as a 
r e s u l t  o f  e lec t ron  bombardment o f  molecular n i t rogen 
by both primary and Maxwellian electrons. These 
ions are  assumed t o  be l o s t  uni formly a t  the same 
r a t e  as they are produced by migrat ion across the  
bounding surface area o f  t h i s  region (Ap) .  
current densi ty o f  molecular ions (j2t) i s  there- 
fo re  given by the production r a t e  div ided by the 
surface area. 

The 

mherent 10 the app l tca t ion  of  t h i s  equation i s  the 
assumption tha t  the primary electrons a t  densi ty np 
and the Maxwellian electrons a t  densi ty nm are d i s -  
t r i bu ted  unl formly over the primary electron region 
o f  volume V . 
used i n  thi! analysis are therefore volume- 

These densi t ies as we l l  as others 

averaged values. 

The r a t e  constants for  primary electrons (P:') 
and Maxwelliap electrons (ai+) are  def ined as the 
r e l a t i v e  veloci ty-cross sect ion products based 
respec t ive ly  on the primary e lec t ron  energy and the 
Haxwell isn e lec t ron  temperature.5 Values fo r  these 
constants, per ta in ing  t o  the production o f  molecular 
ions (2+) from molecular neut ra ls  (2), ha.: teen 
computed u ing  experimental ly determined cross 
sections7wi and they are given i n  Figures 2 and 3.  
Tabular r a t e  constant data are a l so  given i n  the 
Appendix f o r  t h i s  reac t ion  and other react ions 
found t o  be important i n  t h i s  analysis. 
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Figure 2. Primary Electron Rate Factors 
f o r  Ni t rogen 

The current densi ty o f  atomic ions which 
appears as the t h i r d  term on the r i g h t  s ide of 
Eqn. (8) i s  calculated i n  a way s i m i l a r  t o  tha t  
used f o r  molecular ions. 
and (4) however atomic ions can be produced from 
e i the r  atoms o r  molecules and the current densi ty 
o f  t h i s  sDecie therefore becomes 

As suggested by Eqns. ( 2 )  

The r a t e  constants f o r  production o f  atomic ions 
from molecules (P$* 0;) and from atoms (Pt, 0;) 
have been determined using respec t ive ly  the 
measured cross sections from Rapp, e t  a i8  and 

3 
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Kei f fe r  and Dunn.9 and they are  a lso  given i n  
Figures 2 and 3 and i n  the Appendix. 

going t o  any surface over t h a t  which would occur 
i f  n i t rogen came back o f f  o f  cathode po ten t ia l  sur- 

NITROQEN 

MAXWELLIAN ELECTRON TEYPERATURE 1.V 1 

Figure 3. Maxwellian Electron Rate 
Factors f o r  Nitrogen 

The ca l cu la t i on  o f  the cur ren t  densi ty o f  
neutral  n i t rogen atcans i s  considerably more complex 
than those f o r  the i on i c  species because each o f  
the fo l low ing  phenomena must be considered i n  the 
formulation o f  the associated equation: 

The production o f  atomic ni t rogen i n  the 
primary e lec t ron  region as a r e s u l t  of 
the react ions o f  Eqn. (2) and (3). 

The loss  o f  atomic ni t rogen i n  the 
primary e lec t ron  region as a r e s u l t  of 
the reac t ion  o f  Eqn. ( 4 ) .  and 

The release o f  atomic n i t rogen f r o m  sur- 
faces a t  cathode po ten t ia l  i n  s u f f i c i e n t  
numbers t o  assure no net accumulation o f  
nitroge:] once steady-state sputter 
desorDt ion/chemi -adsomt i  on condi t ions 

faces in-molecular form. I t i s  important to  note 
a t  t h i s  po in t  t ha t  any o f  these species going to 
anode po ten t i a l  surfaces would be expected t o  re- 
turn t o  the discharge chamber as molecular nitrogen. 
This  occurs because anode surfaces are  no t  subject 
to s ign i f i can t  spu t te r ing  and they therefore tend 
to  become saturated with n i t rogen i n  the steady 
s ta te  condi t ion.  
thfs d e l  o f  n i t rogen production w i l l  be de- 
coupled from the sput te r ing  model, and i t  w i l l  be 
assumed t h a t  the chemisorbed ni t rogen coverage on 
cathode po ten t ia l  surfaces i s  small. This enables 
one t o  neglect cathode po ten t ia l  wal l  encounters 
i n  which a ni t rogen atom o r  i on  i s  re jec ted  because 
the s i t e  i t  s t r i kes  i s  saturated. Considering the 
phenomena described above the  equation f o r  the 
current densi ty o f  atomic n i t rogen becomes 

I n  order to s imp l i f y  the analysis 

The quant i t ies  fc, and f c+  represent respect ively 
the f rac t ions  of the discharge chamber surface 
area which appear t o  the neutral  atoms and ions t o  
be a t  cathode po ten t ia l .  These two fac to rs  d i f f e r  
because the g r i d  system presents d i f f e r e n t  open 
areas t o  neutral  and ionized par t i c les .  The 
quant i t y  y 2 +  appearing i n  the l a s t  term i s  the 
p robab i l i t y  t ha t  a molecular i o n  w i l l  be chemisorbed. 
This p r o b a b i l i t y  i s  dependent on both the energy o f  
the average sputter ing ion  and the mater ia ls on 
which i t  i s  impacting. 
having energies cha rac te r i s t i c  o f  i o n  th rus ter  
sheaths which s t r i k e  molybdenum have a s t i ck ing  
p robab i l i t y  o f  about 50% f o r  example.3 Rearranging 
Eqn. (13) one obtains: 

Molecular ni t rogen ions, 

( 1  - fc,) 

where the quant i t y  2 ,  which has been used to  s imp l i -  
fy the expression, i s  defined by 

I n  the steady s ta te  !he f low ra te  o f  n i t rogen 
atoms i n t o  the th rus ter  (no) would have t o  be equal 
t o  the ni t rogen outf low r a t e  (n ) .  
cond i t ion  and using Equations (5) through (8 ) .  (10) 
through (12) and (14) the fo l low ing  expression f o r  
the molecular ni t rogen densi ty i n  the discharge 
chamber i s  obtained: 

Employing t h i s  

are achievkd. 

The t h i r d  cond i t ion  c i t e d  above r e f l e c t s  the 
f a c t  t ha t  chemisorbed n i t rogen tends t o  be sputter-  
ed o f f  as atomic nitroaen.4 This specie, which 
could have been d e r i v e i  o r i g i n a l l y  from any o f  tt.e 

may atomic end o r  up ion ic  being species sputtered subject between t o  chemisorption, several cathode 

i n  the average atomic ni t rogen current densi ty 

Zt A 

$ (+)(< + k[h:]) + &(;) (16) 
po ten t ia l  surfaces. This resu l t s  i s  an fncrease -1 

4 
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The f i r s t  term i n  the square brackets general ly 
tends t o  dominate t h i s  denominator term. This cor- 
responds phys ica l l y  t o  the cond i t ion  i n  which n i -  
trogen i s  l o s t  through the g r ids  p r imar i l y  i n  the  
form o i  neutral  molecules. With the exception o f  
the atomic-to-molecular ni t rogen densi ty r a t i o  
(nl/n,) Equation (16) i s  w r i t t e n  i n  terms o f  quanti- 
t i e s  which can be evaluated. The quant i t ies  which 
would have t o  be known include the  discharge plasma 
propert ies. the tank ni t rogen p a r t i a l  pressure and 
the geometry and mater ia l  spec i f i ca t ions  f o r  the 
thruster.  The atomic-to-molecular densi ty r a t i o  
(n,/n,) can be obtained if one assumes tha t  both o f  
these species have a uniform Haxwellian d i s t r i b u t i o n  
characterized by the discharge chamber wa l l  tempera- 
tu re  (Tw). 
leaving the primary e lec t ron  reqion where they 

Then the cur ren t  densi ty o f  atoms 

produced i s  given by: 

Combining Equations (11). (12), (14) and ( 
one then obtains: 

The f i r s t  term i n  the numerator and the f i r s t  
term i n  the denominator tend t o  dominate t h i s  ex- 
pression. 
neutral  atoms are produced p r imar i l y  by the reac t ion  
i d e n t i f i e d  i n  Eqn. (3 )  and l o s t  as a r e s u l t  o f  m i -  
g ra t ion  a t  thermal ve loc i t y  t o  anode po ten t ia l  sur- 
faces or through the g r i d  apertures. I t  i s  probably 
desirable a t  t h i s  po in t  t o  r e i t e r a t e  tha t  atoms 
going t o  cathode po ten t ia l  surfaces are considered 
t o  be sputtered back o f f  as atoms i n  the model and 
t h i s  physical cond i t ion  i s  re f lec ted  i n  the ( l - f c l )  
t e n  appearing i n  the denominator o f  Eqn. (18). 

Eqns. (18). (16). (17). (11) and (12) now 
comprise a closed form so lu t ion  fo r  the p a r t i c l e  
densi t ies o f  the ni t rogen atoms and molecules and 
the current densi t ies of molecular and atomic ions 
and neutral  atoms i n  terms of plasma propert ies,  
known propert ies o f  n i t rogen and geometrical prop- 
e r t i e s  o f  the discharge chamber. 
computed f r o m  these equations when mu1 t i p 1  ied by 
the chemisorption p robab i l i t y  f o r  each correspond- 
ing  specie determine the r a t e  o f  formation o f  
sputter res i s tan t  s i t es  on the base mater ia l .  
informat ion may now be applied t o  a sputter ing 
theory t o  determine the e f f e c t  o f  the ni t rogen on 
the erosion r a t e  o f  the base mater ia l .  

Physical ly t h i s  dominance means tha t  

Current densi t ies 

This 

Applicat 'on o f  Nitrogen Ar r i va l  RG 
-- i n  a Sputter ing T h e 9  

Rawl i n  and Mantenieks' observed what appearec' 

They suggested t h i s  

t o  be a t r a n s i t i o n  between two sput te r ing  leve ls  
as the ni t rogen - ? r t i a l  pressure was increased from 
very low to  very high leve ls .  
t r a n s i t i o n  was determined by the r e l a t i v e  a r r i v a l  
rates o f  spu t te r ing  ions (mercury) dnd the con- 
taminant pa r t i c l es  which are being chemisorbed 
(ni t rogen).  Such a theory might be formalized by 
assuming tha t  !:@,iaent mercury ions a r r i v i n g  a t  a 
s i t e  would exh ib i t  two d i s t i n c t  types o f  behavior 

depending on whether o r  n o t  t h a t  s i t e  was in f lu-  
enced by a chemisorbed ni t rogen atom. 
inc ident  ni t rogen being chemisorbed would be ex- 
pected t o  exh ib i t  t h i s  same binary behavior. 
wear r a t e  o f  base metal per u n i t  area would then be 
g i ven by 

Similarly. 

The 

where S i s  the y i e l d  o f  base metal a t  a s i t e  where 
ni t rogen doesn't inf luence the sputtering, S'  i s  the 
y i e l d  a t  a s i t e  where the inf luence o f  the ni t rogen 
i s  f e l t ,  @ i s  the p robab i l i t y  o f  s t r i k i n g  a s i t e  
af fected by ni t rogen and j H q  i s  the inc ident  current 

densi ty of the p a r t i c l e s  tha t  e f f e c t  sputter ing.  
The ni t rogen concentrat ion would a f t e r  a per iod o f  
operation reach a steady value so the n i t rogen 
r+emisorption and sput t2 r  induced desorpt ion ra tes  
would be equal. The equation descr ib ing t h i s  con- 
d i t i o n  would be 

where 5, i s  the sput te r ing  ra te  o f  n i t rogen atoms 
f r o m  a s i t e  where ni t rogen i s  present. Chemisorp- 
t i o n  p r o b a b i l i t i e s o f  u n i t y  have been assumed f o r  
the ni t rogen atoms and atomic ions i n  t h i s  equation. 
Combining Eqns. (19) and (20) t o  e l im ina te  the 
p robab i l i t y  f ac to r  4 one obtains the fo l low ing  ex- 
pression for the base metal removal ra te :  

I n  the l i m i t  o f  high ni t rogen chemisorption 
t h i s  equation y ie lds  a base metal loss r a t e  per 
u n i t  area tha t  i s  cha rac te r i s t i c  o f  a saturated 
surface (j, S ' )  and f o r  the apposite l i m i t  the 
race i s  tha t  f o r  the v i r g i n  metal (j, S ) .  The 

9 
l i m i t i n g  behavior i s  therefore consistent w i th  the 
observations o f  Rawl i n  and Mantenieks.1 The r a t i o  
(Sl/S') appearing i n  Eqn. (21) represents the 
average number of n i t rogen atoms sputtered per base 
metal atom sputtered when a s i t e  inf luenced by n i -  
trogen i s  bombarded. Equation (21). wh i le  i t  may 
no: represent the sputter ing procezses involved i n  
t h i s  problem w i th  rxnp le te  physical accuracy, does 
denlcmtrate how ni t rogen currents t o  the surfaces 
o f  a th rus ter  could be incorporated i n t o  a sputter-  
ing  model. 

9 

Experimental Procedure 

I n  an e f f o r t  t o  v e r i f y  the theore t ica l  model 
of n i t rogen specie production proposed i n  t h i s  
paper, experiments were conducted i n  which the 
molecular and a tomic  ion currents coming f r o m  a 
SERT I 1  t h rus te r lo  were measured d i r e c t l y  and also 
calculated using the model proposed herein. The 
SERT I 1  th rus ter  was equipped w i th  a standard g r i d  
set (71% open area screen gr id .  48% open area ac -  
ce le ra to r  g r id ,  13.9 cm d ia .  beam) and was operated 
a t  2kV and 3kV net and t o t a l  accelerat ing voltages 
respect ively . 

5 
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Tests were conducted by operating tne th rus ter  
on mercury fo r  several hours unt i l  it was running 
s tab ly  and the  vacuum tank pressure was i n  the 
5 to 7 X t o r r  range. Nitrogen was then in- 
troduced i n t o  the tank a t  a l oca t i on  upstream o f  
the th rus ter  u n t i l  s tab le  th rus ter  operation a t  the 
total tank pressure desired was established. The 
ni t rogen was introduced i n t o  the  tank i n  the manner 
mentioned to prevent direct access of  the ni t rogen 
through the  th rus ter  g r i ds  wi thout a t  l eas t  one 
encounter w i t h  the  tank wall. This f a c i l i t a t e d  
equ i l i b ra t i on  o f  the  m l e c u l a r  nl t rogen and the 
tank wa l l  temperatures. Yith the  th rus te r  operating 
s tab ly  i t s  i o n  beam was robed using a co l l ima t ing  
E x B m e n t u m  analyzed! t o  determine current 
dens i t  p r o f i l e s  f o r  the per t inent  ionized species (4. ds W) i n  the  team a t  probe p i t c h  ang1esofOoS 
5’. 100 and 15”. These data were subsequently 
analyzed t o  determine the  cur ren t  densi ty o f  each 
specie averaged across the beam. I m e d i a t e l y  a f te r  
the beam cur ren t  densi ty p r o f i l e s  had been obtained 
the discharge chamber was Langmuir probed a t  s ixteen 
locations. Subsequent analysis o f  these Langmuir 
probe d p  using the technique developed by 
Beat t ie  y ie lded plasma property p r o f i l e s  f o r  the 
discharge chamber. Plasma propert ies averaged over 
the primary e lec t ron  volume were then determined so 
they could be used as input  t o  the theore t ica l  
model described previously i n  t h i s  psper. 

Figure 4 shows the E x B probe output measured 
as the p la te  vol tage on the probe was var ied t o  
change the charge-to-mass r a t i o  of the specie being 
sensed by the instrument. These data were obtained 
w i t h  the probe on center l ine  looking down the 
th rus ter  axis. 
f o r  singly-charged mercury w i t h  other, lower in -  
t ens i t y  peaks occurr ing a t  charge-to-mass r a t i o s  
corresponding t o  doubly-ionized mercury, molecular 
ni t rogen ions and atomic ions. 
curve i s  a t h i r t y - f o l d  ampl i f i ca t ion  o f  the lower 
one. Figure 4 suggests tha t  both molecular and 
atomic ni t rogen ions are produced i n  s ign i f i can t  
numbers i n  the discharge chamber when ni t rogen i s  
present i n  the f a c i l i t y .  

The f i g u r e  shows the highest peak 

Note tha t  the upper 

Test 
I 

1 
2 

3 
4 

5 

6 
7 

b 
9 

N i  trogen 
P a r t i a l  
Pressure 

( toPPr) 

2.2XlO’~ 
1.2x10-5 

3 . 5 ~ 1  0‘6 
3 .0~1  0-6 
3.ox10-6 
1 . 3 ~ 1 0 ‘ ~  
5 . 2 ~ 1 0 - ~  

1.5~10’5 

4 . 5 ~ 1  0-6 

Max. 
Elec. 
Temp. 

(ev) 

6.5 
5.6 

7.5 

6.6 
5.7 

5.6 

6.5 

6.4 

8.7 

P r i .  
E l e c .  
Energy 

(eV) 

21.6 
21.7 

28.2 
28.2 

25.7 
23.1 

28.4 

27.6 

29.9 

Figure 4. E x B Probe Signature i n  the 
Beam of a Nitrogen Contaminated 
Ion  Thruster 

Tests were conducted over a range of ni  trJgen 
p a r t i a l  pressures and th rus ter  f low rates, discharge 
currents and voltages. The tes t  condi t ions and re -  
s u l t s  obtained i n  these tes ts  a re  shown i n  Table I .  
The plasma propert ies yiven i n  t h i s  tao le  are the 
volume-averaged values determined f r o m  Langmuir 
probe data which were used as input t o  the theo- 
r e t i c a l  model. The calculated values o f  a t m i c  and 
molecular i on  current r a t i o s  were obtained by using 
these data t o  ca lcu la te  ni t rogen current densi t ies 
from Eqn. (181, (16). (11) and (12). then mu l t i p l y -  
i ng  the resu l t s  by the beam cross sect ional  area 
and d i v id ing  by the measured beam current a t t r i b u -  
tab le  t o  mercury ions. 

chemisorption p robab i l i t y  fac to rs  determined f o r  
the SERT I 1  th rus ter  and used as input  t o  these 
equations are: 

The estimated temperatures and gecnnetrical and 

Table I 

Test Conditions and Results 

Maxwell i an  Primary 
Density Density 

n m 
(m” 1 

2 .oxi 017 
1 .9x10I7 

8 . 5 ~ 1  0l6 
8 . 4 ~ 1  0l6  
8 . 8 ~ 1 0 1 ~  

9 . 4 ~  101 
1 .4x101’ 

1 .6x10l7 

1 .2x1017 

6 

P 
n 

(m- 1 

8 .Ox1 0’ 
6.7~101 

1 .ox1016 

1 .Ox10’6 
l . lx10’6 

6.9~101 

1 .6x1Ol6 

1 .4x1Ol6 

1 .4x10I6 

Atomic Ion 
Current Ratio 

meas. 
(a 

0.99 
1.17 

0.68 

0.78 
0.67 

1.85 

1.53 
2.49 

1.76 

calc.  
(%I 

0.81 
2.23 
1.03 

0.62 
0.48 

1.18 

1.69 

5.56 

2.81 

Molecular Ion 
Current Ratio 

mea s . 
( % I  

2.07 
4.95 
4.86 

2.94 
3.42 

6.66 

4.96 

7.59 
5.70 

calc. 

1.47 
5.13 

2.10 
1.52 

1.27 

4.00 

2.89 

9.36 
3.68 
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o Vacuum Tank Wall Temperature, To 77'k 

o Discharge Chamber Wall Temperature, 

o Primary Electron Region Volume-to-Surface 
Area Ratio, VdAp = 1.45 X 10" m 

o Screen-to-Accel Gr id  Open Area Ratio, 

Tw 500'k 

AS/% 1.5 

o E f f e c t i v e  Open Area-to-Accel Gr id Open Area, 
Ae/Aa = 0.60 

o Fract ion o f  Thruster I n t e r i o r  a t  Cat.hode 
Potent ia l  as seen by Neutrals, fcl = 0.36 

o Fract ion o f  Thruster I n t e r i o r  a t  Cathode 
Potent ia l  as seen by Ions. fc+ = 0.28 

o S t i ck ing  P robdb i l i t y  f o r  Molecular Nitrogen 
Ions, v2+  = 0.5 
t i o n  o f  i on  energy and base mater ia l .  
Reference 3 suggests a value o f  0.5 f o r  
molybdenum and discharge vol tage o f  about 
40v). 

( t h i s  quan t i t y  i s  a func- 

The measured current  r a t i o s  i n  Table I were 
determined by taking the r a t i o  o f  average ni t rogen 
specie current  densi ty t o  average s ing l y  ionized 
mercury current  densi ty as determined f r o m  analysis 
o f  the E x B probe measurements. Figure 5 i s  a 
p l o t  o f  the ca lcu lated iliolecular and atomic current 
r a t i o s  against  the measured ones. 
considerable sca t te r  but  suggest t ha t  the model f o r  
molecular and atomic n i t rogen current  densi ty ca l -  
cu la t ions i s  accurate t o  w i th in  about ? 100%. It 
i s  a lso noteworthy tha t  the atomic i on  data seem to  
be centered c lose t o  the l i n e  o f  per fect  corre la-  
t ion .  
the other hand l i e  below t h i s  l i n e  and t h i s  suggests 
a possible systematic e r ro r  i n  the model. The most 
probable sources o f  such an e r r o r  are considered t o  
be re la ted t o  the values assumed f o r  s t i ck ing  co- 
e f f i c i e n t s  and geometric factors.  The accuracy of 
n i t rogen p a r t i a l  pressure i s  a lso questionable be- 
cause i t  was determined as the d i f f e rence  i n  pres- 
sures; measured before and a f t e r  the in t roduct ion 
o f  n i t rogen rather  than w i th  a res idual  gas 
analyzer. 
always a source o f  possible e r ro r .  
crudeness o f  the model and the possible sources o f  
experimental e r r o r  the resu l t s  appear t o  be sa t i s -  
fa c to ry .  

A! thougn the atomic neutral  current  densi ty 
given by Eqn. (17) could not  be v e r i f i e d  w i th  the 
avai lab le instrumentation i t  i s  probably safe t o  
assume that  t h i s  equation would a lso be accurate t o  
w i th in  about ? 100%. Examination o f  the magnitudes 
of the current  densi t ies o f  the various n i t rogen 
species given by Eqns. (11). (12) and (17) f o r  
typ ica l  SERT I I mercury thruster  operat ing condi- 
t ions suggests tha t  i t  i s  the atomic neutral  cur- 
ren t  densi ty t h a t  has the greatest  magnitude. 
molecular and atomic ion  current  densi ty  were 
t y p i c a l l y  about one- f i f th  and one-tenth o f  the 
atomic neutra l  current densi ty respect ively.  

The data show 

The ma jo r i t y  o f  the molecular i on  data on 

F i n a l l y  Langmuir probe t race analysis i s  
Considering the 

The 

Conc 1 us ion -- 
A model descr ib ing the currevt  densi t ies o f  

n i t rogen species produced i n  the discharge chambers 

0 MOLECULAR ION CURRENT RA110 

0 ATOMIC ION CURRENT RATIO 

0 

CORKLATION 

0 

0 

0 

I 
0 I 2 3 4 5 6 1 8  

MEASURED CURRENT DENSITV RATIO l%l 

Figure 5. Corre la t ion o f  Measured and 
Calculated Results 

o f  i on  thrusters  has been developed. 
which are i d e n t i f i e d  as n i t rogen atoms, atomic 
ni t rogen ions and molecular n i t rogen ions, tend t o  
be chemisorbed on cathode Potent ia l  t h rus te r  wal ls  
when they reach them. The model suggests tha t  n i -  
trogen atoms are produced p r imar i l y  by e lect ron 
induced d issoc iat ion o f  molecular v i t rogen and l o s t  
as a r e s u l t  o f  atom migrat isn t o  anode po ten t i a l  
surfaces and through the gr ids.  These atoms a re  
the major con t r i bu te r  t o  the current  densi ty  of 
species tha t  are chemisorbed a t  cathode potent ia l  
surfaces. The molecular and atomic current  den- 
s i t i e s  are about o n e - f i f t h  and one-tenth respec- 
t i v e l y  o f  t he  neutra l  atom current  densi ty.  The 
current  d e l i s i t i s  o f  n i t rogen ions were measured 
i n  the beam o f  a SERT I 1  t h rus te r  as a funcLion of  
discharge chamber condi t ions and ni t rogen p a r t i a l  
pressure. These measurements agreed w i t h  current  
densi t ies calculated using measured plasma proper- 
t i e s  and estimated geometrical factors t o  w i t h i n  
about ? 1009;. 

These species, 
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Appendix 

On Board Nitrogen Mass Requirement f o r  30 cm 
t h r u s t e r  Mission -- 

The idea o f  car ry ing  n .  m g e n  on board a space- 
c r a f t  t o  extend the l i f e t i m e s  o f  discharge chamber 
components by increasing t h e i r  sputter resistance 
could be of rn te res t  If i t  would no t  r e s u l t  i n  s ig -  
n i f i c a n t  increase i n  spacecraft mss. Screen g r i d  
erosion r a t e  data complied by Rawlin and Mantenieksl 
suggest t ha t  a substant ia l  reduct ion i n  the  erosion 
r a t e  o f  molybdenum began t o  occur i n  ground based 
endurance tes ts  of a 30 cm th rus te r  operating a t  a 
2 A beam cur ren t  and a 36v discharge vol tage when 
the f a c i l i t y  pressure was about 1 x 10-6 t o r r .  
Equations (51, (6) and (7) o f  t h i s  paper can be 
combined t o  y f e l d  the fo l lowing equation which can 
be used t o  ca l cu la te  the molecular ni t rogen f low 
r a t e  i n t o  the th rus ter  corresponding t o  t h i s  pres- 
sure. 

io = Po *a 

kTo 
Using an assured vacuun tank wa l l  temperature T o f  
77Ok an accelerator r i d  open area of 0.0304 m9, 
together with the  f a c h f t y  pressure o f  1 x 10-6 
torr 9 1.33 x 10" nt/m2 one f i nds  a n i t rogen f low 
r a t e  o f  i~ = 0.037 A equiv. For a 10,000 hour 
mission t h o  corresponds t o  supplying about 0.39kg 
of n i t rogen d i r e c t l y  i n t o  the  discharge chamber. 
This corresponds t o  about 0.3% o f  the  mercury mass 
r q u i r e d  t o  operate the  thruster.  

Rate Factors f o r  Nitrogen 

Energy (m3/sec) (mJ/sec) (m3/sec) (m'/sec) 
Electron p:+ p: p: p: 

(ev) 

l o  -- -- -- 
29 0.72~10-'" -- 2.31 x l 0 - l  0 .  ;&lo-1 3 
30 3.31 0 . 0 5 ~ 1 0 ' ~ ~  4.25 0.65 
40 5.48 0.39 5.51 1.02 
50 7.04 1.09 6.25 1.22 
60 8.31 1.72 6.94 1.36 
70 9.33 2.26 7.64 1.48 

Maxwell i a n  

Tem . cevP W / s e c )  (mj/sec) ~ / s e c )  (m'/sec) 
Electron 9:' Q; Q: 9: 

3 0.009~1 0-1 O.OO03x1 I) 0.039~1 e l 4  0.024~10- l 4  
4 0.04 0.004 0.13 0.10 
6 0.21 0.057 0.45 0.47 
8 0.52 0.25 0.87 1.06 

10 0.91 0.62 1.31 1.77 
12 1.34 1.19 1.74 2.54 

d 

I 

8 
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THE SCREEN HOLE PLASHA SHEATH 
OF AN ION ACCELERATOR SYSTEM 

Graeme Aston* and Paul J. N i l  bur' 
Colorado State Univers i ty  

Fo r t  Col 1 ins  , Colorado 80523 

Abstract  
Results of  the f i r s t  probing o f  the screen 

hole sheath o f  an i o n  accelerator system are pre- 
mted .  The screeIl ho le sheath. represented as a 
se t  o f  equipotent ia l  contours, extends over a l a rge  
distance w i t h i n  the discharge p lasm.  Under no 
condi t ions examined does the sheath enter the 
screen hole. Edge hole defocusing o f  m l t i a p e r t u r e  
accelerator systems i s  due p r i m a r i l y  t o  loca l  
p l a s m  densi ty var ia t ions ra the r  than adjacent 
screen t:?C sheath interact ions.  The sheath 
boundar) i s  independent ,f screen-to-accelerator 
g r i d  spacing when the g r i d  se t  i s  operated a t  the 
~ , 3 i n u r l  ' on  beam divergence condi t ion.  S i g n i f i -  
cant isn focusing e f fec ts  k - u r  i n  the sheath 
cdjacent to the screen g r i d  webbing leading t o  
increazsd i o n  source beam current  e f f i c i w y  w i t h  
decreasicg screen-to-accelerator g r i d  separation 
and/or screen gr i r !  tbickness. 

Nmenclature 

e = g r i d  sepapacion distance, mn 
9 

dS = screen t o l e  diameter, mn 

da = accelerator hole diameter, mn 

ts = screen g r i d  thickness. mn 

ta = accelerator g r i d  thickness, mn 

VT = t o t a l  accelerat ing voltage, Jg l ts  

R = net - to- to ta l  accelerat ing voltage r a t i o  

VD = discharge voltnge, v o l t s  

A@ = potent ia l  va r ia t i on  through sheath, v o l t s  

Te = Maxwellian e lect ron temperature. eV 

NP/H = normalized perveance per hole, amp/voltg/* 

In t roduct ion 

The ion beam divergence character is t ics  o f  ion 
accelei*ator systems have been studied experimentally 
by m n y  workers i n  recent years.1-6 Presently, the 
ion accelerat ion and focusing process i s  f a i r l y  
well understood. 
Refs. 5 and 6. one can q u i t e  accurately ppedict the 
ion ' J d  divergence character is t ics  o f  an a r b i t r a r y  
two o r  three-gr id accelerator system a t  any speci- 
f i e d  operating condi t ion.  However, the process by 
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Using the data avai lab le i n  

t 

which the accelerated ions are extracted from the 
plasma i s  n o t  wel l  understood. It i s  known t h a t  a 
plasma sheath i s  formed and that  t h i s  sheath i s  a 
t r a n s i t i o n  rq im separating the p l a s m  from a 
region where ions are being accelerated tnrough thz  
screen hole($ o f  the accelerator system. This 

shape as a r e s u l t  o f  plasma densi ty  (i.e., beam 
current). g r i d  geometry and o r i d  accelerat ing po- 
t e n t i a l  var iat ions.  Consequently, changes i n  the 
physical c:raracter ist ics o f  the screen hole plasma 
sheath a f f e c t  d i r e c t l y  such things as t h e  divergence 
o f  the bean ions ejected from the accelerator system, 
d i r e c t  i o n  impinqement upon the accelerator g r i d  
w i t r i  i t s  associated erosion, i o n  re-canbination over 
the screen g r i d  surface and t !w associated l a j e r i n g  
o f  i o n  source beam zurrent e f f ic iency,  i o n  bombard- 
ment and erosSon o f  the screen gr id,  and the l i m i t  
to the i on  current  which can be extracted from the 
plasma. 

been done on d e t e n i n i n g  the physical 
t i c s  o f  the screen hole plasma However. 
the theoret ica l  modeis t r e a t  the sheath as a s ing le 
equipotent ia l  surface separating plasma from accel- 
erated ions w i th  M t r a n s i t i o n  regior.. 
t t a  avai lab le experimental r'ata i s  l i m i t e d  t o  a 
couple o f  ideaTized cases; w i n g  photographic i,i 
nature, i t  represents the sheath as a d i scon t inu i t y  
and i s  o f  l i t t l e  use. T1ierefc.--. a thorough exrleri- 
mental invest igat ion o f  the physical s t ruc tu re  and 
behavior o f  the screen t.ole plasma sheath was under- 
taken. The basic phys i i a l  phenomena uncovered would 
provide a be t te r  under. tanding o f  the i o n  ex t rac i i on  
process and a i d  i n  the develgpnent o f  improved 
theoret ica l  models. 

screen hole p t asma sheath var ies i n  pos i t i on  and 

Sane theoret ica l  and experimental work has 
h rac te r i s -  

c i m i l a r l y ,  

AcceleratoL System Scaling 

I n  w d e r  to  nvre dccu rak  measurements o f  the 
physical character i s t i c s  o f  the screen hole plasma 
sheath (i.e.. posi t ion,  shape and s t ructure) ,  i t  
was necessary t o  use a large accelerator system so 
adequate spa t ia l  resolut ion could be achieved. This 
was done by increosiog the screen hole diameter from 
a value o f  2.06 mn. which i s  t yp i ca l  ?f ion thruster  
and ground appl icat ion ion source acce le rarw 
systems. to  a diamecer o f  12.7 mn. 
metr ica l  acce1erP:or system parameters were a iso 
scaled d i r e c t l .  by the r a t i o  o f  these two diameters 
so geanetr i r  s i m i l a r i t y  was maintained. 
important 20 determi.ne ether the maximum normal- 

c h a r a c t w i s t i c s  o f  : U L ~  large accelerator systems 
were any d i f f e r e n t  from the much smal1c.r accelera- 
t o r  sys tem typ ica l  o f  most ion  sources. Careful 
probing O F  the ion beam emerging from the large 
accelerator systems showed the divergence charac- 
t e r i s t i c s  o f  these g r i d  sets were i den t i ca l ,  w i t h i n  
experimental er ror ,  t o  thoseof the smaller accel- 
erator  systems. 
mum nona l i zed  perveance per hole o f  *'.e l a rge r  

The other geo- 

I t  was 

ized perlearue per hole 'sh and ion heam divergence 

Also, tests  determinicg ihs mxi- 
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g r i d  sets showed t h i s  l i m i t  t o  be equal t o  tha t  
obtained w i th  the smaller accelerator systems. 
t a i l s  of these tests have been p+b l ished previous- 
ly.10 I n  sumnary, scal ing up ion accelerator g r i d  
systems t o  la rger  sizes does no t  appear t o  a f fec t  
i on  beam divergence charac ter is t i cs  o r  the maximum 
normalized perveance per hole as long as simila. 
mn-dimensional i r e d  g r i d  parameters are maintained. 

De- 

Sheath Probing Technique 

The screen hole plasma sheath was invest igated 
a: various g r i d  geometry and accelerator systenl 
oc . r a t i ng  condit ions. Figure 1 i l l u s t r a t e s  the 
manner i n  which these data were obtained. 
a cross sect ional  view of the la rge  seven hole two- 
g r i d  accelerator system used f o r  t h i s  study i s  de- 
picted. The probing volume surrounding the cent ra l  
screen hole i s  shown by the dotted rectangle i n  t h i s  
f igura. The probe o r i g i n  . h s  set a t  the downstream 
face o f  the screen g r i d  and the sheath was probed a 
distance o f  one screen hole diameter back i n t o  the 
discharge -har-h:r plasma from t h i s  point .  
width o f  the probing region was 1.4 dS (dS = screen 
hole diameter) i n  order tha t  s u f f i c i e n t  data po in ts  
could be taken t o  de f ine  the sheath over lap region 
adjacent t o  the screen g r i d  webbing. Figure l b  in- 
dicates the manner i n  which the probe traversed the 
central  screen hole. 
each o f  the  f i f t e n  rad ia l  locat ions shown. A t  each 

I n  Fig. 14 

The 

The sheath probe a s  set  a t  

SHEAIM PRoBilrlG 
VOLUME, SCREEN ACELEAATOR 

GRID GRID 

b) 

l oca t i on  the probe was swept a x i a l l y  through the  
sheath and the va r ia t i on  i n  loca l  plasna poten t ia l  
was recorded. I n  t h i s  uay a fu l l  sheath p ro f i l e .  
fo r  a pa r t i cu la r  accelerator system geometry and 
operating condit ion, was characterized by an ar ray  
of l o c a l  plasma po ten t i a l  values. 

The acceleratcr  system depicted i n  Fig. 1 was 
posi t ioned over a masked down discharge chamber o f  
an 8-cm diameter e lec t ron  bombardment i o n  source. 
This i on  source had a m i l d l y  diveracnt magnetic 
f i e l d  and used tungsten wire f i l a i w n t s  as both the 
main and neu t ra l i ze r  cathode m i t t e r s .  Argon pro- 
pe l l an t  was used and a l l  source operation was Con- 
ducted i n  a 30-cm pyrex !e l :  j a r .  
pressure was 2.3 x lo-'. T O T .  

Average b e l l  j a r  
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Fig. 1. a )  Sheatr. 
b) Sheath 

probing volume. 
probe locat ion.  
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BATTERY FILAMENT m1 ELECTRO*(ET EA 

HEATER SUPPLY ~ 

Fig. 2. a) Sheath probe design de ta i l s .  
bJ C i r c u i t  schematic for  f l oa t i ng  

potent 'al measurement;. 

A f l oa t i ng  emissive Langmuir probe was  used t o  
study the screen hole plasma sheath and i s  shown i n  
F ig.  2a. 
i t  can be posit ioned o f f  the axis o f  the cent ra l  
screen hole thereby permi t t ing  the probe t i p  t o  
move r a d i a l l y  as the probe i s  rotated. An enlarged 
drawing of the probe t i p  i s  a lso shown to  d e t a i l  
the basic construct ion of  the probe f i lament, i t s  
dimensions arid i t s  attachment to  the support wires. 
The sheath probe i s  e l e c t r i c a l l y  i so la ted  from the 
discharge chamber body and when the f i lament i s  
heated t o  incandescence the f i lament f l o a t i n g  po- 
ten t i a l  becomes the local  p lasm poten t ia l .  The 
instrumentation used '.o measure the probe f loa t inq  
po ten t ia l  i s  shown !,thematically i n  f i g .  2b. 
tcr ief ly.  an isolated ba t te ry  supply provides heat- 
ing power f o r  the f i lament. The f i lament i s  con- 
nected throirqh t h i r  ba t te ry  supply t o  a hiqh 
impedance Plectrometer set t o  measure v o l  taqe; the 

This probe has a simple doq leg shape so 
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low side of the electrometer i s  referenced t o  screen 
g r i d  po ten t ia l .  The accuracy o f  the screen hole 
sheath emissive nmhe was checked bv comparina i t s  
response t o  tha t  o f  a mal l  spherical Langmuir probe 
loca t .4  within the discharge chamber p l a s m  s l  i q h t l y  
o f f  the i on  source axis. This spherical probe was 
used t o  measure l oca l  plasma condi t ions j u s t  p r i o r  
t o  enter ing the screen ho le  sheath region. Plasma 
poten t ia l  measuretnents taken with the emissive and 
spherical Langnuir probes i n  the same loca t i on  
showed good agreement. Generally. the only source 
o f  e r r o r  o r i g ina t i ng  with the use o f  a f l o a t i n g  
emissive probe o f  the design shown i n  Fig. 2 i s  a 
small D . C .  voltage extending along the length o f  
the heated f i lament.  This po ten t ia l  d i f fe rence was 
approximately 0.5 vo'it in  t h i s  experiment. 
deta i 1 ed discussion o f  the  operating charac t e r i s t  i c s  
o f  f l o a t i n g  emissiv Langmuir probes i s  presented 
by Kmp and Sellen.tl The pos i t ion ing  e r ro r  c f  
the sheath emissive probe was ! 0.05 mn i n  the 
ax ia l  d i rec t i on  and ? 0.25 mn i n  the rad ia l  
d i  rec t ion. 

A more 

Sheath Contour Results 
__I____-__ 

The screen hole sheath i s  r e a l l y  the set o f  
equipotent ia l  l i nes  that separate the region of  
homogeneous plasma fran the region of accelerated 
ions where there are no electrons. These equipo- 
t e n t i a l  contours were computer drawn from the array 
of data obtained a f te r  probing each sheath p r o f i l e .  
F i w r e  3 shows the screen hole sheath, represented 
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as a set o f  equipotent ia l  contours, f o r  the cen t ra l  
screen ho le  o f  the la rge  seven hole twr -gr id  set  
shown i n  Fig. 1. Unless indicated otherwise. the 
fo l lowing g r i d  geometry and accelerator system 
operating con i f t ions  may be assumed: 

center- to-center ho le  spacing = 14.7 m 
screen hole diameter. ds= 12.7 mn 
t o t a l  accelerat ing voltage. V i =  1100 v o l t s  
ne t - to - to ta l  accelerat ing vol tage ra t i o ,  R= 0.7 
screec g r i d  thickness ra t i o ,  t s /ds= 0.17 
accelerator hole diameter r a t i o .  da/ds = 0.64 
accelerator g r i d  thickness r a t i o .  ta/ds= 0.37. 

a cross sect ionai  i i ew  and i s  drawn t o  scale as are 
the equipotent ia l  I mtours .  I t  should be noted 
tha t  the path trdcv out by the sheath probe i n  
Fig. l b  crossec t tw  wrbbing of the adjacent screer. 
holes Jt dif fe, . t tnt  locat ions.  These locat ions were 
not always the same as those shown i n  Fig. I b  be- 
cause each g r i d  qemet ry  tested was not o r ien ta ted  
i n  exact ly the same wav about the center l i n e  o f  
the source. Conseauently. the path traced ou t  by 
the probe. a1 though olways passing through the 
screen hole center l i n e  and k i n 9  set a t  the same 
rad ia l  posi t ions.  d i d  v a r y  somewhat r e l a t i v e  t o  the 

adjacent screen k31es. To ind ica te  t h i s  va r ia t i on  
the cross sect ional  view o f  the screen hole i n  
Fig. 3 has the screen g r i d  webbing a r t i f i c i a l l y  ex- 
tended ou t  t o  the e x t r m i t i e s  o f  the probing vo:ume. 

The cent ra l  screen hole i n  Fig. 3 i s  shown i n  

The g r i d  set iixt'd i n  ' 1 9 .  3 had an i n t e n e d i -  
ate screen- t o - a i i e l  ~ i - d  t ~ l r  ::rid separation r a t  io. 
cq/ds = 0.50 and J di\cnaixie voltaue. Vn. o f  45.0 
vo l t s .  This w i d  \ Y t  w.w o p e r a t d  a: a bea.1; cur-  
ren t  o r  nomdl ized perveance per hole value know,? 
to  j i v e  the lowest i c n  Dealii divergence. The zero 
v o l t  contour l i n e  shewn i n  '15.  i q  apnror inately 
equal t o  the equi l  ib:.iw! bulh plasma noten t ia l  
deep w i th in  the discharqe chamber. Equ.potentia1 
contours are p lo t ted  a t  one val t i nc rmen t r  re la -  
t i v e  t o  th iF z c r v  retrrence po ten t ia l  and are shown 
w t e n d i w  t o  -." .,.!t\ o f  t h i s  reference plasnd 

potericlal.  Tne -25.C v o l t  contour l i n e  i s  very 
c lose to  the she?:' SJundary. Beycnd t h i s  po in t  
the loca l  e lec t ron  densi ty drops raDidly o f f  t o  
zero over a d i s t a n w  o! the order 6f the probe 
ax ia l  reso ld t ion  l i m i t  ( .O.Zrm).  The sheath sur- 
rounding the cent ra l  screen hole i s  f a i r l y  sywetri- 
cal;  the s l i q h t  asymnetry i s  bel ievcd t o  be due t 3  
the sheath probe enter ing d i f f e r e n t  regions of the 
screen g r i d  webbing a t  the e x t r m i t i e s  of i t s  t rave l  
I n  these regions the adjacent screen ho le  sheath 
in te rac t ions  are s l i g h t l y  d i f f e ren t .  
m s t  important conclucion t o  draw from Fig. 3 i s  
tha t  the screen h o l r  ;heath extends over a la rge  
distance, in f luenc inq  ion and e lec t ron  t r a . ? w t o r i e s  
deep w i th in  the di icharqe chamber plasma. To i l l u s -  
t r a t e  t h i s  po in t ,  the Oebyz length fo r  the plasna 
cond i t ion  shown i n  Fig.  3 was 0 .6  mn whereas s i g n i f -  
i can t  po ten t ia l  var ia t ions  ,ire evident over d is -  
tances ten times t h i s  value. 

Perhaps the 

I iqurr: 4 mdkes a  ompa par is on I-wtween the 
sheath surroundinq Tlw cent ra l  s c r w n  hole o f  
the larqe seven hole ' d o - u r i d  s e t  and the sheath 
that surrounds one of  tile edap hole> o f  t h i s  g r i d  
set .  For c l a r i t y .  onTy th. -5.0, -15.0 and - ? [  0 
$volt contours are p lo t l ed  i n  each case. Again. an 
intermediate q r i d  srparat ion r a t i o  wds used whi le 
the g r i d  s e t  was operated at a normalized perveance 
per hole value known t o  q ive the minimum beam d i -  
vergence. Sheath d i s t o r t i o n  i s  evident f o r  the 
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edge hole. This d i s t o r t i o n  i s  tending to d i r e c t  
the i n i t i a l  i on  t ra jec to r ies  t o  greater of f -axis 
angles than those emerging from the cen t ra l  screen 
ho le  sheath. Plasma densi tv var ia t ions  across the 
edge hole were p r imar i l y  xspons ib le  f o r  the  sheath 
d i s t o r t i o n  shown i n  Fig. 4. An edge ho le  was also 
probed i n  a r q i o n  where the  plasma dens i ty  was uni- 
fm. Here, less s i g n i f i c a n t  sheath d i s t o r t i o n  was 
evident. I t  has been well docunented by numerous 
workers i n  the f i e l d  tha t  those ions emerging frm 
the outer r i n g  of holes i n  a m l t i - a p e r t u r e  accel- 
e ra to r  system have very divergent t r a j e c t o r i e s  and 
are  responsible for most o f  the accelerator g r i d  
erosion. The r e s u l t s  o f  th is  study i nd i ca te  tha t  
the decrease i n  plavns densi ty which occurs as the 
discharge chamber edge i s  approached d i s t o r t s  the 
edge screen ho le  p l a s m  sheath g i v ing  r i s e  t o  more 
divergent i on  t ra jec to r ies .  The lack  o f  adjacent 
screen ho le  sheath in te rac t ions  f o r  an edge ho le  
does not s i g n i f i c a n t l y  con t r i bu te  t o  t h i s  sheath 
d i s t o r t i o n  and i o n  focusinn e f fec t .  

Figure 5 shows the e f f e c t  on the screen hole 
plasma sheath when the g r i d  set i s  operated a t  a 
very low and very h igh  normalized perveance per 
hole. Since the cent ra l  screen ho le  sheath i s  
f a i r l y  symnetrical only h a l f  a cheath p r o f i l e  i s  
being presented. As expected, in,-reasing the 
normalized perveance per hole, o r  beam current, 
moves the sheath c loser t o  the screen hole, the 

NORMALIZED hXIAL POSITION - 8 id. 
Flg. 5. Screen hole sheath moveaent and 

shape change w i th  increasing beam 
current. o r  normalized perveance 
per hole, ( h a l f  _sheath p ro f i l e ) .  

sheath’s bowed shape becoming more planar wi th t h i s  
increase. An unexpected occurrence was tha t  the 
screen ho le  sheath d i d  no t  enter the screen hole 
even f o r  a very ia rge  normalized perveance per hole. 
T h e  iraximum normalized perveance per hole cond i t ion  
per ta in ing  t o  the dashed l i n e  o f  Fig. 5 was tha t  
one j u s t  below the onset o f  substant ia l  accelerator 
g r i d  impingement. I t  i s  noteworthy tha t  the sheath 
has no t  been observed ri thin the screen ho le  fo r  
any g r i d  se t  o r  operating cond i t ion  examined so fa r .  

Figure 6 co,.:pares the e f f e c t  on the screen 
hole sheath as the separation distance between the  
screen and accelerator g r i ds  was varied. 
cases the g r i d  sets werv .iperated a t  a normalized 
perveance per hole value known to  give the  1WeSt 
i o n  beam divergence f o r  t ha t  pa r t i cu la r  g r i d  
separation. 
v o l t  contour l i n e s  are p lo t ted .  
-20.0 v o l t  contour l i nes  shows that i n  a l l  cases 
these l i n e s  were f a i r l y  coincident.  The only s ign i -  
f i c a n t  departure from t h i s  s i m i l a r i t y  occurred f o r  
the c losest g r i d  separation tested ( E  / d  
and then only towards the center o f  txe ~ c ~ e ~ ~ * ~ ! l e .  
Since the -23.0 v o l t  contour l i n e  i s  f a i r l y  c lose 
t o  the sheath boundary we can draw a ten ta t i ve  con- 
c lusion. Namely tha t  t o  f i r s t  order the screen ho le  
sheath boundary has approxivately the same pos i t i on  
and shape fo r  any screen-to-accelerator g r i d  sepa- 
r a t i o n  when the g r i d  set i s  operated a t  i t s  minimum 
beam divergence condi t ion.  We should note, however, 
t ha t  the sheath thickness i s  very d i f f e r e n t  as 
evidenced by the ba r ia t i on  i n  the separation be- 
tween the -1Ov and -2Ov contours i n  the f igure .  
Another i n te res t i ng  phcnaenan apparent i n  Fig.  6 
i s  *hat the sheath po ten t ia ls  around the webbing 
f o r  the la rge  g r i d  separation ( tg /ds  = 1.00 - s o l i d  
l i n e )  tend t o  d i r e c t  the plasma ions d i r e c t l y  i n t o  
t lw  screen g r i d  webbinq. However, w i th  decreasing 
g r i d  separation these po ten t ia l  contours begin to  
d i r e c t  ions away from the webbing and i n t o  the hole, 
This e f f e c t  i s  i l l u s t r a t e d  by the e l e c t r i c  f i e l d  
vectors shown i n  Fig. 6. This de f l ec t i on  o f  the 

I n  a l l  

For c l a r i t y ,  m l y  the -10.0 and -20.0 
Comparing the 










